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Abstract

Technical Summary

This thesis considers the thin-film equation 0,1 = —0(| u|”a§§ u) with respect to time ¢ = 0 and one dimen-
sional space x € R where n > 0. A special case of the thin-film equation is when the initial condition is
up(x,0) = cd(x). A solution with this initial condition is called a source type solution. A source type solu-
tion describes how a viscous droplet spreads over a solid flat surface with volume ¢ > 0. Source type solutions
are expected to have a self-similar form with u(x,t) = t7*f(u), p = xt™% and a = ﬁ which reduces the
equation into an ordinary boundary-value problem (| f(w)|" f" ()’ = a(uf(w)" with pf(u) — 0 as g — *oo
and [0 f(w) du = c. A solution of this boundary-value problem is called a self-similar solution. This thesis
presents a detailed discussion of the paper by Bernis, Peletier & Williams [4] on the existence and uniqueness
of self-similar solutions to the thin-film equation together with its qualitative properties. Here, existence
will be proven by using a shooting method. Additionally, the thin-film equation will be derived from the
Navier-Stokes equations using a lubrication approximation. Furthermore, a numerical construction of the
self-similar solution is presented to visualize its behavior. The results demonstrate that the solution exhibits
key qualitative features such as compact support and conservation of mass.

Non-Technical Summary

This thesis explores how a liquid droplet spreads over a flat surface, for instance, a droplet of oil spreading
out on a flat table. The thesis focuses on a mathematical model called the thin-film equation, which helps
to describe the spreading process of a droplet. The solution to this problem is expected to spread out in a
predictable pattern over time, which is called a self-similar solution. This means that even though the droplet
gets wider and thinner over time, the universal shape of the droplet stays the same. This kind of behavior
makes it much easier to study and understand complex spreading processes, because only one shape needs to
be understood, not how it changes at every moment. To understand this better, the thesis reviews a scientific
paper by Bernis, Peletier, & Williams [4] which proves that a mathematical self-similar solution exists and
is unique. Proving uniqueness is also important as this gives scientists and engineers confidence that they
are using the right model. The self-similar solution will also be simulated on a computer. The simulations
demonstrate that the droplet behaves as expected, that is, it is spreading symmetrically while keeping the
same total amount of liquid.

Y. H. Boesveld
Delft, June 2025
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Introduction

In this thesis, we study the existence and uniqueness of nonnegative source type solutions of the one dimen-
sional thin-film equation

0,u=-0,(ul"3u) inS=RxR", wn
u(x,0) = up(x) for xeR, ’
where n is a positive constant. A solution of equation (1.1) with initial condition
Up(x) = cd(x) for x e R, (1.2)

where § denotes the Dirac mass centered at the origin and ¢ a nonzero constant, is called a source type solu-
tion. For this thesis, ¢ > 0 shall be assumed.

The thin-film equation describes how a fluid that is very thin in height compared to the length travels over
time on a one-dimensional flat solid surface. It provides the height u(x, t) depending on the location x and
time t. The source type solution is a special type solution of the thin-film equation which describes how a
droplet spreads over time on the surface. Here ¢ denotes the volume of the droplet.

The exponent n is called the mobility exponent and is related to the boundary condition in the original
Navier-Stokes equation, which is also called the slip condition. The focus of this thesis lies on the values
between 0 < n < 3. For n < 0 the fluid travels with infinite speed, while for values 0 < n < 1, the film can
become negative, meaning it goes through the surface. Since the absolute value term |u|" is used, mathemat-
ical analysis can still be done for the values 0 < n < 1, even though it is not physically justified. It will even be
shown in section 1.3 that nonnegativity holds for source type solutions. For the value n = 1, there is free slip,
meaning that the surface provides no friction in the tangential direction. For n = 3 (no slip) and n > 3, the
free boundary of the film cannot move [16]. In section 1.1, we will be show that the derivation is only valid
for 0 < n < 3. For values 1 < n < 3, the fluid has partial slip, meaning that it moves slower at the surface. See
Figure 1.1 for a visualization. In chapter 3, it will also be mathematically proven that the self-similar solution
does not have a non-trivial solution for n = 3.

1.1. Derivation of the thin-film equation

In this section the thin-film equation will be derived, following [6, 22, 23]. A derivation from a more physical
viewpoint can be found in [3]. The thin-film equation can be derived from the incompressible Navier-Stokes
equations. The incompressible Navier-Stokes equations describe how a fluid moves in three dimensions in
time assuming that the fluid has constant viscosity (Newtonian), is mass conserved and the density remains
constant. For the thin-film equation it is assumed that the fluid is uniform in the direction perpendicular to
the plane concerning the height and x direction meaning that the Navier-Stokes equations can be reduced to
two dimensions. The thin-film equation will be derived using a lubrication approximation. This means that
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free slip slip no slip
n=1 ne(l,3) n=3

Figure 1.1: Schematics of the flow fields v close to the liquid-solid interface for different values of the mobility exponent n. Adapted
from [13].

one dimension is much smaller compared to the other dimension which can be used to simplify the Navier-
Stokes equations. For the thin-film equation the height is much smaller than the length of the fluid.

Consider a fluid with a free surface y = h(x, ) that lies on a flat area. The governing equations for the in-
compressible Navier-Stokes equations are the velocities u and v concerning the x and y direction and the
pressure p which is normalized by the density of the fluid. The incompressible Navier-Stokes equations are
given by
Oru+ udyu+ vayu—u(diu+6iu) +0xp=0,
6tv+uaxv-i-vayv—y(aiv+6§,v)+ayp:0, 1.3)
Oxu+0yv=0.

Here, p is the kinematic viscosity, which describes how easily a fluid flows per unit mass or per unit density.
For a derivation of the Navier-Stokes equations, see for instance [9].

liquid

solid

Figure 1.2: Schematic of the liquid thin-film, where liquid, gas and solid are shown. Adapted from [13].

To work with the equation, boundary conditions must be specified for the solid-liquid and liquid-gas inter-
faces, as shown in Figure 1.2. On the solid-liquid interface, it is required that the fluid cannot go through the
solid. This means that the velocity v, which goes in the y direction, should be zero. So

v=0 when y =0. 1.4)

Imposing a no-slip boundary condition at the solid-liquid interface (z = 0 when y = 0) leads to infinite en-
ergy dissipation near the contact line, where the contact line represents the place the liquid, gas and solid
meet. Therefore, to let the liquid slip on the surface, a non-zero velocity in the x direction is allowed which is
proportional to derivative 4, u

u-k(h)o,u=0 when y =0. (1.5)
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Here k(h) = A3~"h"~2, where A represents the slip length which indicates how far you have to go below the
surface for the fluid’s velocity to be zero and » € (0, 3) is the mobility exponent which was discussed before.

On the liquid-gas interface, we require that the fluid moves smoothly. Therefore, the tangential component
of the shear stress should be continuous, meaning that the tangential forces between the liquid and gas are

balanced. This can be done using

Oyu=0 when y = h. 1.6)

At the liquid-gas interface, there is a pressure jump proportional to the mean curvature of the interface which
is called Laplace’s law. This is denoted as

po—p=70°h  wheny=h, 1.7

where py is the constant air pressure and y the liquid-gas surface tension constant.

Furthermore, a kinematic boundary condition is employed which ensures that the fluid stays on the free
surface
0th+udyh=v when y = h. (1.8)

Now that all necessary boundary conditions are considered, the thin-film equation will be derived. It is as-
sumed that the thickness of the fluid H in the y direction is very small compared to the length of the fluid L
in the x direction. Defining U as the velocity scale of u, V as the velocity scale of v, P as the pressure scale of
p, and T as the time scale of ¢, the following transformations will be applied:

x—Lx, y—Hy, u—-Uu, v—Vv, p—Pp, t—Tt.

Note that the time scale T can be seen as how long it takes for the fluid to travel length L with velocity U. So
T can be described as

L
T=—.
U
The Reynolds number, defined as
UH
Re=—,
v

is also small.
Inserting these transformations in (1.3) and using that H < L and Re < 1, results in

u(?f,u—axpzo forO<y<h,

-0yp=0 forO<y<h, (1.9
Oxu+0yv=0 forO<y<h,
with
LU
P— ﬁ.

The second equation of (1.9) tells us that the pressure p is constant with respect to y. Using condition (1.7)
gives
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p=po—-y0:ih  for0<y<h.

Differentiating p with respect to x gives

0yp=-yd3h for0O<y<h.

Substituting 0, p using the first equation of (1.9) results in

,uai,uz—ya‘j’ch for0O<y<h.

Integrating this equation over (y, h) with respect to y and dividing both sides by u gives, using the Fundamen-
tal Theorem of Calculus A.1,

h hoy

f dudz =f -~03hdz
y y H

Y

- ayu|y:h—ayu:—(h—y);aih (1.10)
— dyu=(h—-yLe’h.
U
Here, condition (1.6) is used. Integrating this over (0, k) with respect to y and using condition (1.5) gives

fha d fy(h ) Lo ha
udz= -y)= z
A y ) y” x

I 573
= u- uly:():(hy—iy )ﬁaxh

Y

1
= u= (hy— Eyz) ﬁéih+ k(h)ayu\yzo.

Using (1.10) for k(h)dyul_, results in

Y 1
u= (hy— 5}/2 + hk(h))aih.

The averaged horizontal velocity can now be calculated using

1h
=— dy.
hfouy

|

Therefore, we arrive at

&
1l

Y (1h2+hk(h))a§;h. (1.11)
u\3

Integrating the third equation of (1.9) over (0, k) with respect to y and using the conditions (1.4) and (1.8)
gives
h
f Oxu+0dyvdy=0
0
h
=0y (f udy) + Vly=p— Vly=0=0
0

h
= 04 (f udy) +0th+ ud;hly-p, =0
0

= 0,(hit))+0:h+ uaxh|y:h =0.
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Note that, since H « L, 0, h varies slowly in the x direction and so we can neglect this value. Therefore, using
(1.11) and k(h) = A3~"h"~2, we arrive at

1
Yo, ((—h3 + /13‘”h”) Bh|+ah=0.
u 3
When rescaling the variables, the constants can be eliminated. Furthermore, for z € (0, 3), the term k" domi-
nates over the h3 term if 1 < A. Thus, we arrive at the thin-film equation

0x(h"33h)+0,h=0.
Note that u is used in this thesis for the height instead of h.

1.2. Applications of the thin-film equation

Applications of the thin-film equation are usually found in the field of fluid dynamics. An important appli-
cation is spin coating, a mechanism used to apply thin-films to substrates. During spin coating, a liquid is
deposited onto a flat substrate, which is then rapidly spun. This results in a thin-film covering the substrate
uniformly. Spin coating is widely used in many industries, especially in photolithography for making semi-
conductors and nanotechnology devices [15].

Applications also arise in biology. An example is that it helps to understand cell spreading. This is because
cell spreading has, in some sense, similar properties to the spreading of a droplet [17]. Another example lies
in the pulmonary surfactant dynamics in the lungs. The alveoli, which are small air sacs in the lungs, are
lined by a thin-film coated with surfactant, a substance that reduces surface tension to keep the alveoli open.
A small percentage of firstborn babies have not produced enough surfactant yet, which causes the alveoli to
collapse, making it much harder to breathe. To solve this, synthetic lung surfactant can be delivered in the
form of a droplet to the lungs. Modeling this process helps predict the behavior of the fluid [10].

1.3. Mass conservation and nonnegativity

In [5], equation (1.1) was also studied for a more general case. They studied the equation in a cylinder Qr, =
Q x (0, Tp), where Q is a bounded interval. They also assumed that uy € H L, meaning that fQ ug dx < oo
and fQ (BxUp)? dx < 0o, and that uy = Uy = 0 on the lateral boundary. For this, they proved a weak positivity

property:

upx)=0 = ulx,)=0 in Qr

and a conservation law:
fu(x,t)dx:fuodx for0< < Tp.
Q Q

In view of these results, it is natural that this should also hold for the extension Q2 = R assuming that u,,, — 0
as x — +oo for all £ > 0. Now §(x) ¢ H'(R), but the sequence of Gaussian’s which approximates §(x) in a
distributional sense as t — 0,

_a2
2
e 222,

1
fix) =
V2mt?
is smooth and satisfies f;(x) =0 and f;(x) € H L(®) for all £ > 0. In particular, ¢6(x) is a nonnegative distribu-
tion, since cd (g (x)) = 0 for all ¢ € C°(R) with ¢ = 0. Here, C°(R) represents the functions that are infinitely
differentiable and have compact support, see Definition 2.4. The volume of the approximated initial data f;
is

[e9}
f cfrdx=c
(9]
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for all £ > 0. Hence by continuity, the limiting function u should also satisfy the conservation law for all £ > 0

f u(x,t)dx=c. (1.12)

—00

1.4. Self-similar solutions
Due to the scaling properties of equation (1.1) with initial condition (1.2) and the conservation law (1.12),
solutions of equation (1.1) are expected to have a self-similar form

u(x, )=t~ f(u, p=xtb. (1.13)

Now, to be consistent, it should also follow the conservation law (1.12)

f ulx,ndx=c

—00

o0
= f t_“f(xt_ﬁ) dx=c
o
— o f fudu=c.
Here, a change of variables p = xt~P is used. To hold for all ¢ > 0, we have

a=p.

It is now substituted in equation (1.1). For d;u, using the product rule,

Ou=—at )+t f (W (—axt™ @)
=—at™ " f) —apr 7 f (W
=—at " (ufw).

For 3 u,
aiu — t—4a fm (/J)
This yields
6x(|u|nai u) — (l.fna|f|nt74af///(u))/t—a
— t—a(n+5)(|f|nfm(u))/'
To have 0,1 = -0, (] u|"a§'; u), it should hold that

t—a—l — t—a(n+5)

Therefore, their powers should be the same. This can be used to find «

—a—1=-a(n+5)
1 (1.14)
= a= .
n+4

To satisfy the initial condition (1.2), we note that sup,_, 6(x) = 0. Therefore, for x # 0,
lim u(x,t)=0.
—0+

If x # 0, the variable p behaves as

lim p=xt"% = +o0,
=0+
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where the sign of co depends on the sign of x. This means that

0=1i ,0)= lim 7% .
tirgu(x) m fw

Since ™% — oo as t — 0%, the only way this limit can be zero is if f decays faster than t~%. ¢ can be written as

Q=

t= (r’j) using (1.13). So

-a _(X " _H
t f(m_(u) fw xf(“)‘
Therefore,

,,Lirfoo“f(“) =0. (1.15)

Using (1.13) with (1.14) and (1.15), equation (1.1) can be reduced to

Uf@1"f" ()" = a(uf W) for —co<p<oo, (1.16)
wfw —0 as j1 — 0o, ’
which satisfies the integral condition
o0
f fwdu=c. (1.17)
—00

When f is a solution of the given equation, it means that f is continuously differentiable and /| f|dx < oo
(f € C'(R) N L' (R)) such that f"” exists and is continuous when f # 0 and | f|" f""" € C}(R).

Note that for a broad class of initial conditions, including the source type solutions, solutions to the thin-
film equation are expected to evolve toward a self-similar form due to scaling properties, although it has not
yet been proven analytically for general n. Understanding and analyzing self-similar solutions is still relevant
since this reduces the problem to studying one universal shape independent of time. In [8], convergence
to the unique source type self-similar solution was established for strong solutions with more general initial
data uy = 0 under certain conditions when n = 1. The source type self-similar solution is conjectured to act
as a universal attractor for a certain class of initial data satisfying suitable conditions, such as nonnegativity,
finite mass, and sufficient decay. Outside this class, different asymptotic behaviors or self-similar profiles
may emerge. The focus of this thesis therefore lies in studying the existence and uniqueness of source type
self-similar solutions of equation (1.16).

1.5. Overview

This thesis is mostly based on the paper “Source type solutions of a fourth order nonlinear degenerate parabolic
equation” by Bernis, Peletier & Williams [4]. In this paper, the following main theorems will be proven for
nonnegative even self-similar solutions:

Theorem 1.1. If n =3, then there exists no non-trivial solution for equation (1.16).

Theorem 1.2. If 0 < n < 3, then there exists precisely one nonnegative even solution of equation (1.16). This
solution has compact support. If 0 < n < 2, uniqueness holds without assuming that u is even.

The main goal of this thesis is to expand the content of [4] by rewriting it and providing more details to the
proofs. Note that these theorems prove that there exists a nonnegative source type solution for equation
(1.1) which is unique if and only if 0 < n < 3. The solution of equation (1.16) also has compact support, see
Definition 2.4. The paper of Bernis, Peletier & Williams [4] state that that there is no explicit closed-form
formula for f(u), except when n = 1, which is found by [21]
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2 (a2 - 12)® on(-a,a)
=4 120 o 1.18
Fiw {0 elsewhere, ( )
where a® = % They did, however, proof estimates of how f(u) behaves near the boundary of its compact

support for 0 < n < 3, which will be shown in chapter 7.

The structure of this thesis is as follows. In chapter 2, the prerequisite knowledge in this thesis is presented.
In chapter 3, Theorem 1.1 will be proven. In chapter 4, relevant preliminary results will be proven about
equation (1.16), which helps to set up the existence proof. In chapter 5, a solution is constructed using the
shooting method when 0 < n < 3. In chapter 6, we will prove uniqueness for even self-similar solutions when
0 < n < 3, and we will also show that every solution is even for 0 < n < 2, thereby completing the proof of The-
orem 1.2. In chapter 7, the self-similar solution will be numerically constructed using the shooting method
derived in chapter 5. In chapter 8, a conclusion will be given.



Prerequisites

The following chapter gives an overview of the necessary knowledge needed for the analysis of self-similar
solutions of the thin-film equation (1.16). This is done by stating the essential definitions and theorems,
without giving the proof. These results can also be found in the literature. For each definition and theorem,
an example of a book or article where it can be found is mentioned. Additional definitions and theorems that
are less central to the main text are collected in Appendix A.2.

2.1. Definitions

Definition 2.1. (Uniformly bounded) [7] A sequence of functions {f,}, where each f, : D — R, is said to be
uniformly bounded if, there exists a K > 0 such that | f,(x)| < K forall xe D and n € N.

Definition 2.2. (Equicontinuity) [7] A sequence of functions {f,}, where each f;, : D — R, is said to be equicon-
tinuous if, for every € > 0, there exists a d > 0 such that | f;,(x) — f,,(¥)| < €, whenever x,y € D satisfy |x —y| <6
forallneN.

Definition 2.3. (Lipschitz continuity) [7] Let f : D — R. f is said to be Lipschitz continuous in D if, there exists
a K >0 such that |f(x) — f(y)| < K|x—yl| forall x,y € D. Or rather, ‘%‘ <K forallxe D.

Definition 2.4. (Compact support) [12] A function f is said to be compactly supported if there exists a compact
set M for which f is zero outside of the set M.

2.2. Theorems
Theorem 2.1. Picard-Lindelof Theorem [26] Consider the following initial value problem

¥ (@) = fit, (1), Wto) = yp-

Suppose fe C(U,R"™), where U c R"*! is open and (t0,y0) € U. If f is locally Lipschitz continuous in the second
argument on a neighborhood D = [ty — a, ty + al x B(yo, b) c U, then there exists a unique local solutiony(t) €
C(I) to the initial value problem, where I is an interval containing to.

Theorem 2.2. (Continuous dependence) [20] Consider the following initial value problem

¥ (@) = fit, (1), Wto) = yp-

Suppose fit, y(1)) is continuous on an open set E < R"*!, and that for every (1y,y,) € E, the initial value problem
has a unique solution y(t) = p(t, ty,y,). Then the solution map u(t, to,y,) is continuous in (ty,y,) € Eand t€ I,
where I is an open interval which is the maximal interval of existence of \.

9
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Theorem 2.3. Arzela-Ascoli Theorem [11] Let X be a compact set and let{f,} be a uniformly bounded, equicon-
tinuous sequence of real-valued functions in X. Then {f,,} has a subsequence that converges uniformly in X to
a continuous function f in X.



Nonexistence

3.1. Simplifying equation (1.16)

In this chapter, the following equation is considered

{(Iul”u’”)':(xu)’ for —oo < x < 00, a1

xu(x)—0 as x — +oo.

This equation uses a = 1 to make computations easier. Equation (1.16) can be rewritten to equation (3.1)
using the following rescaling:

fw = ku(lw, k"% = a. (3.2)

Here, k scales the height of the solution and [ scales the width of the solution. To determine the criterion for
k and I such that it corresponds to «, f(u) = ku(lu) can be substituted into equation (1.16) to get the equality.
This means that all results proven for equation (3.1) also apply to equation (1.16). Note that there is only one
k and [ possible that also satisfies the mass conservation law (1.17). To determine the unique values of k and
1, we observe that the solution to equation (3.1) should be in L! (R), otherwise the mass conservation integral
would not be valid. This condition can then be used to deduce the value of [

f fwdu=c
=>f ku(lpydu=c
:%f u(y)dy=c

kluly
=

=cC

kluly

fr—

=cC

kluly
== .
c

Here, change of variables is performed with y = [y and |- |; denotes the norm in L'(®). To derive k, the
condition from (3.2) is used

11
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This ensures that there is a unique k and / for which the mass conservation law holds.

Suppose u is a solution of equation (3.1). When u is a solution to the given equation, it means that u is
a continuously differentiable function (u € C!(R)) such that v exists and is continuous when u # 0 and
lul"u" € CY(R). If u is now substituted into equation (3.1) and integrated, we obtain, using the Fundamental
Theorem of Calculus A.1,

f(lul”u’”)’dxzf(xu)’dx

n

= |ul"u" =xu+C,

where C € R is an integration constant. To determine the constant, the condition xu(x) — 0 as x — oo is used.
If C # 0, the term |u|" 1" dominates as x — oo, since |u|"u"’ = C for large x. This means that for large x we
have |u|" # 0 if C # 0 and therefore u # 0. So limy_.o, #(x) # 0. This contradicts the condition that xu(x) — 0
as x — oo and hence C = 0. If u # 0, the equation can be written as

n_ xu
lul™

3.3)

If u > 0, we obtain
" = xul". (3.4)

3.2. Proving there exists no non-trivial solution when n > 3
Using equation (3.4), the nonexistence theorem will be proven.

Theorem 3.1. Ifn = 3, then equation (3.1) has no non-trivial solution.

To prove this, a helping result is needed to help prove this statement.

Lemma 3.2. Suppose n = 3. Let xo = 0 and let u be a solution of (3.4) in a neighborhood of xy such that
u(xg) > 0. Then u(x) > 0 for all x = xo and

(@) u can be continued to the entire half-line [xy, 00).

(b) limy oo u(x) = oo.

Proof. First, (a) will be proven using contradiction. Suppose that there exists a maximal right-neighborhood
of existence [xy, a) with a < oo, so u cannot be extended further. Since u is nonnegative and n = 3, if u — 0
at a certain point in the interval [xo, a), the right-hand side of equation (3.4) diverges, causing u"’ to diverge.
This means u > 0 on [xg, a). Therefore, equation (3.4) can be used to get the following: u" = xul™" > 0. So
1"’ has a constant (positive) sign on the interval [xg, @). This means that u(a™) = limy_4- u(x) and v'(a”) =
limy_ 4~ ' (x) exist. To see why, note that u’” > 0 on [x, @), meaning that 1" is strictly increasing. This means
that lim,_ ,- u” (x) exists and is finite if #” is bounded above or is infinite if #” is not bounded above on the
interval [xo, ). Now, using the Fundamental Theorem of Calculus A.1, note that u' is defined as

X
u'(x) = u' (x0) + f u'(1) dt. (3.5)

Xo
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If u” is bounded above, the limit lim,_,- ©”(x) = L is finite. This means that ©” can be extended to [xy, al
using u” (a) = L. Since u" is increasing, 1" is bounded above by L in [xg, al. Therefore,

X
lim #'(x) = u'(x0) + limff u'(dt
X—a X—a X0

a

= u’(x0)+f u'(ndt
X0
a

< u’(x0)+f Ldt
X

0

=u'(x0) + L(a — xg) < oo.

If «” is not bounded, then lim,_.,- u”(x) = co. Depending on the growth rate of 1", the integral in (3.5) di-
verges to oo or stays bounded. Therefore, the limit for u’ as x — a~ also exists and is bounded or unbounded
depending on the growth rate of u”. A similar argument, applied to u and u/, shows that the limit for u as
x — a~ also exists.

Since u cannot be extended further than x = a, there are two options: (i) the solution blows up, i.e., |u| — oo
as x — a, (ii) the solution tends to zero, i.e., u — 0 as u — a~, which causes a singularity due to the term ult—n
in equation (3.4). Both cases will be discussed.

If u(a™) = oo then, since n = 3, u!™" — 0 as x — a~. This means that ¥ — 0 when x — a~ and so " will
be bounded above in the interval [xp, a). Hence, using the previous argument, lim,_. ,- u(x) will be finite.
This contradicts that u(a™) = co.

Suppose u(a~) = 0. Since u > 0 and u — 0 as x — a~, u must be decreasing near a, so u'(a”) < 0. Fur-
thermore, ©/(x) can be written as

X

u' (x) = u'(xp) +[ u" (x)dx.

X0

Since 1"’ > 0, u" is increasing. Therefore, we obtain

X
u'(x) = u'(x0)+f u (x0) dx

X0

= u' (x0) + (x — x0) u” (x0)-

This means that u'(x) is bounded below for any x € [xo, @) and hence u'(a~) = —C for some positive constant
C. To check how the solution behaves near x = a, u'(a~) = —C will be integrated on both sides

* *

X X
lim u(t)dt= lim -Cdt
x*—a  Jx x*—a  Jx
= u(a )—ulx)=-Cla—x)

= u(x) <Cla—x).

This result will now be used for equation (3.4). Using that ul=" = C'""(a - x)7" is valid near x = a, and
considering x = xp, which is greater than 0, we obtain

C
uH/ > —~ ,
(a—x)"

where C = xoC'~". Integrating this near x = a with a small § > 0 gives
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X X C
/ u"'(t)dtzf ——dt
a-6 a-6 (@— )"

C 1
= u"(x) = — ((a—x)”‘z - 5n_2)+ u"(a—6)
=u'(x)= L+B
- (a_x)n—Z ’

where A= % and B=- W +u" (a-6). To integrate this again, both n = 3 and n > 3 must be taken into

consideration. For n = 3, the integration gives

X X A
] u”(t)dtzf ————— +Bdt
a-é a-s (a—x)"

= u'(x) = Alog(%) +Bx—-B(a-98)+u'(a-96).

As x — a~, the logarithm will diverge to co which means that u'(x) — oo as x — a~. This contradicts that
u'(a”) <0. For n > 3, the integral will be taken again

X X A

f u”(t)dtzf ———— +Bdt
a—6 a5 (a—x)""

1

(a_x)n—3 - 6n—3

= u'(x) = A ( )+Bx—B(a—6)+u’(a—6).
n—-3\(

Here, u’ will again diverge to oo as x approaches a~ which leads to a contradiction.

Since both cases (i) and (ii) lead to a contradiction, we can conclude that © can be continued to the half
line [xg,00).

To prove (b), we note that lim,_.., u(x) exists using the same argument given in (a) for the existence of
lim,_. 4~ u(x). Suppose that lim .., #(x) = L < co. Using equation (3.4), for large x, «’” =~ xL'~". This means
that limy_.o, 1/ (x) = co. So there exists some a and large C such that, for all x = @, we obtain u"'(x) = C.
Integrating this on the interval [a, x] gives u” (x) = u” () + C(x — a). This also means that limy_, u” (x) = co.
Repeating this argument for &’ and u gives limy_, u(x) = co, which is a contradiction. Hence limy_ o, u(x) =
0o0. O

Note that we can prove the same results in Lemma 3.2 analogously for the left halfline (oo, xy], where xy < 0.

Now, Theorem 3.1 can be proven.

Proof. Suppose a non-trivial solution exists for equation (3.1) with n = 3. By Lemma 3.2, lim_., #(x) = co.
The condition xu(x) — 0 as x — oo states that u should go to 0 as x approaches oo and therefore we arrive at
a contradiction. Hence there exists no non-trivial solution for equation (3.1) when n = 3. O

Remark. Note that, by applying the scaling argument of (3.2), it follows that equation (1.16) also admits no
non-trivial solution. This completes the proof concerning the nonexistence of a non-trivial solution for n = 3.



Qualitative properties of solutions

Before we will prove existence and uniqueness for 0 < n < 3, some relevant preliminary observations will be
proven in this chapter about nonnegative solutions of equation (3.1). These insights will contribute to the
proof of existence and uniqueness.

4.1. Compactly supported solutions
First, we will proof that a nonnegative solution u is compactly supported, see Definition 2.4. To prove this,
the following lemma will be used.

Lemma4.1. Let u be a nonnegative solution of equation (3.1) and let u(xo) = 0 for some xo = 0. Then u(x) =0
forall x = xy.

Proof. Let xo = 0 and suppose on the contrary that there exists a point x; > xq such that #(x;) > 0. Define the
most left point where u > 0 as

{o=inf{x < x1:u>0o0n (x,x1)}.

Since u(xp) = 0, it implies that {o = xp. Since u is continuous and nonnegative, it means that u({y) = 0. To
show that u/({) = 0, we will discuss two cases. If {y > xg, we have that u = 0 on the interval [xy, (o] which
implies that ©/({;) = 0. Also, u/({3) = 0 by continuity of . Therefore, u'({o) = 0. If {¢ = xo, then since
u(xg) = 0, continuity implies that u'(xp) > 0 would lead to u(x) < 0 for some x < xp, violating nonnegativity.
Similarly, ©'(xg) < 0 would imply that u(x) < 0 for some x > Xy, again contradicting nonnegativity. Therefore,
it must be that u/({) = 0.

Now, the Mean Value Theorem A.2 states that, since u({) = 0 and {( < x1, there exists a point {; € ({g, x1)
such that

u(x1) — u(lo)
—_—

0.
x1—-Co

u'(y) =

Using equation (3.4), we have that u" > 0 on ({o, x;) because u > 0 on that interval. Therefore, u” is increasing
on the interval ({o,x;). Since u/'({y) = 0 and v/({;) > 0, it follows that " ({;) > 0. Given that v’ > 0, u”
remains positive and continues to increase on ({1, x;). Consequently, ' > 0 on ({1, x;), implying that u is
strictly increasing on ({1, x1). Moreover, since u > 0 and is strictly increasing, the positivity of u"” will persist
beyond x;, ensuring that both ©” and v’ continue to increase and so remain positive for all x > (7. As a result,
u(x) = u(y) > 0forall x > {;. This contradicts that xu — 0 as x — co. Hence u(x) = 0 for all x = x;. O

Note that, using the same arguments, we can also show that u(x) = 0 for all x < x with xp < 0 if u(xp) = 0.
With this, we can prove that a nonnegative solution u is compactly supported.

15
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Lemma 4.2. Let u be a nonnegative non-trivial solution of equation (3.1). Then

{> 0 onxe(a,a"),
u(x) = (4.1)

=0 elsewhere,

where—co<a” <0< a’ <oo.

Proof. To prove this, Lemma 4.1 states that if there is a point @~ <0 and a* = 0 such that u(a™) = u(a®) =0,
u(x)=0forall x < a™ and x = a*. If u(0) = 0, this implies that u(x) = 0 for all x. This cannot happen by the
assumption that u is a non-trivial solution. So a~ <0 and a* > 0. It remains to prove that a~ and a* are finite.
We will prove it for a*, since the proof is analogous for a~.

Suppose that a™ = co. This implies that u > 0 for all x > 0. As a consequence, using equation (3.4), u”’ > 0 for
all x > 0. This means that 1" is strictly increasing for all x > 0 and so lim_, 1" (x) = L exists. If L > 0, there
exists an « such that for all x > «, u”(x) = % Using the same argument as in Lemma 3.2(b), this will result in
limy .o u(x) = 0o, violating xu — 0 as x — oco. Suppose L < 0. This means that u(x) should be lower than % at
a certain point, since % > L for L < 0. So there exists an & such that for all x = a, u”(x) < % Again, using the
same argument as in Lemma 3.2, but this time with a negative coefficient, this results in limy_.., #(x) = —oo,
violating nonnegativity. Therefore, L = 0. As u" is strictly increasing for all x > 0, this implies that u” < 0 for
all x> 0. So u' is strictly decreasing for all x > 0.

Now, either u/(0) < 0 or u/(0) > 0. If u(0)’ <0, since v’ is strictly decreasing, there exists an xg € [0,00) such
that u'(xp) = —C < 0 for all x > 0, where C is a positive constant. Integrating this gives

X X
f u'(t)dts[ —Cdt
X0 X0

= u(x) < u(xy) — C(x — xp).
An x can now be found such that the right-hand side becomes zero:

u(xg) —C(x—x9)=0

u(xp)
> X=X9+ .
C

u(xo)
C

As @ > 0, a finite point further than x, can be found such that u (xo + ) < 0. Therefore, a™ < co. This

contradicts that a™ = oo. If &/(0) > 0, it is not clear yet if there exists an xg € [0,00) such that u'(xg) < —C < 0 for
all x > 0. Since xu — 0 as x — oo, there must exist a large constant M such that ©(0) > u(x) for all x = M. Since
u is continuous on the set [0, M], the Extreme Value Theorem A.3 states that there should be a maximum
value in [0, M]. Therefore, there exists an X4y € [0, M] such that ' (x,4x) = 0. Since v/’ is strictly decreasing,
1’ would become negative for all x > x,,,. The argument used for 1/(0) < 0 can now be applied to conclude
again that a* < oo, which is a contradiction. Therefore, a* < oo and Lemma 4.1 can be applied. O

Remark. Note that Lemma 4.2 implies that u'(a*) = 0 since u'(x) = 0 for all x > a*, so by continuity of
u', u'(a*) = 0. It also implies that limy,,+ u”(x) > 0, since u — 0 as x — a* implies that u"" — oco. But
limy|,+ " (x) =0, as u”"(x) = 0 for all x > a*. Therefore, u is not twice differentiable at x = a*. The same
result holds for a™.

4.2, Symmetric solutions
If the nonnegative solution u is symmetric, another property can be proven for u.

Lemma 4.3. Let u be a nonnegative non-trivial solution of equation (3.1) and let u(x) = u(—x) for all x € R.
Then

u'(x)<0 for0<x<a".

Proof. Since u(x) = u(—x), we have u'(x) = —u'(—x). For x = 0, we obtain u'(0) = —u'(0). Therefore, u'(0) = 0.
Lemma 4.2 also implies that «'(a*) = 0 as seen in the remark. Since u > 0 on (0,a*), ' > 0 using equation
(3.4). This means that u’ is strictly convex. By Definition A.3
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Wiaxi+1-a)x) <au' () + 1 —-a)u'(x) forall x;,x2 €[0,a™], a€[0,1]. 4.2)

Suppose u'(x) has roots on the interval (0,a™). Let ¢ be the first root on that interval, so u/(¢) = 0. If x € (0, ¢),
x can be written as

x=a-0+(1-a)c,

for some «a € [0, 1]. Using (4.2), we obtain

U <ad0)+1-a)u(c) =0.

If x€ (c,a™), x can be written as

x=ac+(1-a)a,

for some « € [0, 1]. Therefore,
W) <sau'()+1-a)u'(a?) =0.

This means that u/(x) < 0 for all x € [0, a*]. Now, choose xg € (0, ¢) and x; € (¢, a™). This means that v/ (xg) <0
and u'(x1) < 0 as ¢ was the first root on the interval (0,a"). ¢ can now be written as ¢ = axy + (1 — a)x; for
some « € [0, 1]. By convexity

u'(c) s au (xg) + (1 —a)u'(x1) <0.

This violates that u'(c) = 0. Therefore, u’ must have a constant sign on (0,a™). Since u(0) > 0 and u(a*) =0,
we obtain that v/(x) <O0Oon0O< x<a'. O

4.3. New formulation of the problem

For the existence of nonnegative solutions of equation (3.1) symmetry shall be assumed and later proved in
chapter 6 for 0 < n < 2. Therefore, using all the results proven in this chapter, equation (3.1) can be reduced
to the following: find a number a > 0 and a function u € C 1([0, a]) n C3((0, @)) such that

u" u"=x u>0  for0<x<a,
u) =1, u'(0)=0, (4.3)
u(a) =0, u'(a)=0.

To show that solving equation (4.3) leads to solving (3.1) and vice versa, both implications will be proven.

Suppose u is a solution of equation (4.3). If u is extended by u(x) = 0 for x > a and reflected at x = 0, u
will also be a solution of equation (3.1). If u is a nonnegative symmetric solution of equation (3.1), a scaling
function is considered

X
— e -
wp(x) = h u(h) (4.4)
To solve h, the initial condition is considered. Since uj,(0) = 1 is required to solve equation (4.3), the following
result holds:

h%u(0) =1=uy(0)

— h=u) .

To solve for a, (4.4) will be substituted into equation (4.3)
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n—1_1m _
U, "u, =x

a(n-)+a-3_ ,n-1 f " f _
= h u (h) u (h) =X
— ha(n—1)+a—3 un—l (_V) um(y) — hy.
Here, a change of variables is performed with x = hy. To match equation (4.3), it must hold that

ha(n—1)+a—3 =h.

Therefore, their power should be the same. This can be used to find «
an-1)+a-3=1

= a=-—.
n

Hence finding a nonnegative symmetric solution « of equation (3.1) gives

uh(x):h%u(%), h=u(0)7%,

as scaling function. Using Lemma 4.2, the restriction of uy(x) to [0, ha*] is a solution of equation (4.3) with
a=ha".

Therefore, since solving equation (4.3) also yields a solution for (3.1), and solving (3.1) in turn leads to a
solution of equation (1.16), we will use equation (4.3) to establish the existence of a nonnegative symmetric
solution u.



Existence

5.1. The shooting method

To establish the existence of a solution of equation (4.3), we employ a shooting method. Equation (4.3) is
therefore converted into an initial value problem

" 1-n
= > 0, > O,
{ u" =xu u X 5.1)

u(0) =1, u'(0)=0, u"(0) = -y,

where y > 0 is a parameter that can be chosen appropriately. Now, for every y > 0 there exists a local solution
u(x,y) for equation (5.1) near x = 0 using the Picard-Lindel6f Theorem 2.1. This is because equation (5.1) can
be written as a system of first order Ordinary Differential Equations (ODEs) and, since u = 1 near x = 0, the
system is locally Lipschitz continuous, see Definition 2.3. Therefore, the theorem implies that there exists a
unique local solution near x = 0. Now, the solution can be extended uniquely as long as the solution stays
positive and does not blow up, since the system remains Lipschitz continuous. Set

a(y) =sup{x>0:u(,y) >0o0n0,x)},

1 (5.2)
b(y)=sup{0<x<a(y):u'(-y) <0on [0,x)}.
The question of existence is now reduced to finding a number y such that
u'(a(yo) =0, (5.3)

where u/(a(y)) denotes the limit of u/(x) as x 1 a(yo). The reason why this ¥ still needs to be found is that,
even though the unique solutions can be extended as long as u > 0 for all y > 0, it is not known if these
solutions satisfy Lemma 4.1 and Lemma 4.3. Therefore, the following sets are defined

S+ = {Y >0: u,(',)’) = 0 before u(-,’y) = O},

5.4
S ={y>0:u(,y) =0before u'(-,y) =0}, G4

or, in terms of a(y) and b(y)

ST ={y>0:b(y) <aly)}, 5.5

S™={y>0:b(y) = aly) and v/ (a(y)) <0}. '
S* is a set that violates Lemma 4.3 and S~ is a set that violates Lemma 4.1, since u(-,y) = 0 before v//(-,y) =0
implies that u < 0 for slightly higher values.Therefore, R* \ (S* N S™) # @ implies that there exists a number y,
such that (5.3) holds. Since the condition xu — 0 as x — oo implied that Lemma 4.1 and Lemma 4.3 hold for
equation (3.1), an yo can be found which mimics xu — 0 as x — a(y)~ which is not in S* or S~ and so it can
be concluded from Lemma 4.2 that a(y,) < co. Therefore, the existence of a solution is found for equation
(4.3). The following theorem will be proven:

19
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Theorem 5.1. Let S* and S~ be defined as in (5.4) and let 0 < n < 3. ThenR* \ (ST N S™) is nonempty, since the
following assertions hold:

(@) St NS~ isempty.
(b) S* and S~ are nonempty.
(c) S* and S~ are open.

(a) is true by definition. To show that (b) and (c) hold, more mathematical arguments are required.

5.2. Proving S* is nonempty and open for 0 < n < 3 and S~ is nonempty

andopenforO<n<1
Proving that S* is nonempty and open for 0 < n < 3 and S~ is nonempty and open for 0 < n < 1 will be done
first. This is because solutions in S* are well defined on the interval of interest [0, b(y)] for0 < n <3 as u >0
on that interval. The same applies for S~ when 0 < n <1 as 1" does not blow up as u — 0.

Lemma5.2. S* defined as in (5.4) is nonempty and open for0 < n < 3.

Proof. To prove that S* is nonempty, we note that u > 0 for the whole interval up to and including u'(-,y) = 0.
Taylor expansion around x = 0 implies

x2 x3
u(x) = u(0) + xu' (0) + > u"(0) + " u"(0),

where u'"(() is the remainder term with ¢ € (0, x). Since u”

filling in the initial conditions

> 0 for 0 < x < a(y), we obtain the following by

ux)=1- %xz. (5.6)

Note that u(x) < 1 as long as u/(x) < 0. Also note that u(x) > 0 when x < \/g by (5.6). For 0 < n <1, we have

u' "= uwhenu=<1.So

u" =xu _”zxuzx(l—gxz).

To simplify the equation, since x = 0, the following inequality is derived

This means that if x < ﬁ , then

1
u" = x(1- sz) >Zx.
2 2

Integrating this two times and using the initial values gives
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1
u=-yx+-—x°.
¥ 12

The first positive root of (5.7) is

xlroot =v/12y.

: ! 1 / 2 . .
To satisfy x},,; < \/; and so also x;,,; < \/;, v will be derived

- 12)/ = —
Y
1
2
> < —
4 12
et < 1
Y=V1z
And so there exists ay >0 such thatye ST forO<n<1.
For 1< n<3,wehave u'~" >1when u<1. So
ul// >x

Integrating this two times and using the initial values gives

1
u'=-yx+ gxg.

The first positive root of (5.8) is

x;’OOt = \/@'

2
= 6y<-—

In order to satisfy x,,, < \/g , v will be derived

1
:>’)f2<§

- <\f
Y 3

Therefore, there exists a y > 0 such that y € S* for 1 < n < 3.

(5.7)

(5.8)

To show that S* is open, it suffices to show that for every y € S* there exists an r > 0 such that all y with
ly — 7| < r implies § € S*, see Definition A.2. Let y € S*. Since u > 0 for the whole interval up to and in-
cluding #/(-, ) = 0, the unique local solution near x = 0 can be extended uniquely to this interval. Therefore,
Theorem 2.2 states that the solution depends continuously on the initial values, including y. By continuous
dependence, slightly higher and lower values 7 of y have the same property that ' should be 0 before u, so

7€ S*. Hence S* is open for 0 < n < 3.

O
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To prove that S~ is nonempty and open, we will split the proof into two parts. In the first part where0 < n <1,
equation (5.1) remains bounded when u approaches zero. In the second part where 1 < n < 3, equation (5.1)
becomes unbounded when u approaches zero. We will begin with the first part.

Lemma5.3. S~ defined as in (5.4) is nonempty and open for0 < n < 1.

Proof. First, we will prove that S~ is open. In the set S~, u will be zero before u'. The unique local solution can
be extended while u > 0, but it will run into problems when u =0, as xul ™" will not be Lipschitz continuous.
But since 0 < n < 1, u"” — 0 when u — 0 using equation (5.1). This means that u’” stays bounded and u can
be continuously extended to u = 0 at x = a(y). Therefore, continuous dependence also holds in this case. So
if y € S7, by continuous dependence, slightly higher and lower values 7 of y have the same property that u
should be 0 before v/, so 7 € S™. Hence S”™ isopenfor0 < n <1.

To show that S~ is nonempty, we note that u(x) <1 aslongas /(x) <0 and since0<n <1,

"n 1-n

Integrating this two times and using the initial values gives

l 1 3
ux,y)s-yx+ o (5.9)
Integrating this again gives
uep) <1-La2 e St (5.10)
2 24

The first positive root of the right-hand side of (5.10) is

Xroot = \/ 6y —1/36y2 — 24,

Ify= %, the term 3672 — 24 becomes greater or equal to 0. The only root when x > 0 of the right-hand side
of (5.9) is

Xroor = \/@

For v to remain negative in the interval [0, X o0;], it must hold that X, < x’mm. This happens when y > \/g

Therefore, (\/E, oo) c S™. Hence S™ isnonemptyfor0 < n < 1. O

5.3. Analyzing a(y) and b(y)

It remains to show that S is nonempty and open when 1 < n < 3. Since ©'" blows up when u — 0, another
method is needed to prove this. For this, equation (5.1) will be rewritten to a second order ordinary differential
equation. Before this is done, a(y) and b(y) will be analyzed more closely which will help later on when the
second order ordinary differential equation is introduced.

n

Lemma5.4. Let a(y) and b(y) be defined as in (5.2) and 0 < n < 3.
(@ If b(y) < a(y), then a(y) = oco.
(b) If a(y) = oo for ally >0, then b(y) — 0 asy — 0 and \/yb(y) — V2 asy — oo.

Proof. For (a), suppose that b(y) < a(y). Then u(b(y)) > 0 and u'(b(y)) = 0. Since i’ is negative for 0 < x <
b(y), we obtain that u” (b(y)) = 0. Now, u"” > 0 using equation (5.1) and therefore ©” > 0 for all x > b(y) which
results in ' > 0 for all x > b(y). So u will be strictly increasing and will never approach 0. Thus, a(y) = co.

For (b), suppose that a(y) = oo for all y > 0. This means that u > 0 for all x > 0. So the unique local solution
near x = 0 can be extended on the whole interval x > 0 and therefore continuous dependence on compact
subsets holds on the whole interval by Theorem 2.2. For y = 0, since u'" > 0 for all x > 0, we obtain u” > 0 for
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all x > 0. Therefore, u’ will also be strictly positive for all x > 0 and u’ will only hit zero at x = 0. In this case
b(y) = 0. Hence by continuous dependence, b(y) — 0 asy — 0.

To prove ,/yb(y) — V2 as y — oo, a scaling argument is used. Set ¢ = ,/yx, then

Uy () = u(x) = u(%)

If u is a solution to equation (5.1), then uy can be substituted into equation (5.1), where x becomes \"} So uy
is a solution of

) = y‘zfu}l,‘" u, >0, ¢>0,
uy(0)=1, u;,(O) =0, ug(O) =

Note that for large y we have uy’ = 0. So the limiting function at “y = 0o” is, by integrating )’ = 0 three times

Y
and using the initial conditions

52
ué&=1- 5 (5.11)

This equation has a positive root V2, but since the assumption is that a(y) = oo, the function is not well de-
fined anymore on [V/2,00). So analysis is done on [0, v/2). We will now show that Uy — @ as y — oo uniformly
in C3(K) for any compact set K = [0, b] < [0, /2), meaning that up to and including the third derivative con-
verges uniformly (this is called a compactness argument). It suffices to show that for every sequence vy, — oo,
we have that u,,, — @i in C3(K) uniformly. Let {y,,} be a sequence that goes to co. The Arzela-Ascoli Theo-
rem 2.3 will be used to show that there exists a subsequence y,,, such that Uy, converges uniformly to &

in C3(K). To use this theorem, it must be shown that Uy, uﬁym, u;,’ and u”’ are uniformly bounded and

equicontinuous on the compact interval K, see Definition 2.1 and Definition 2 2.

To show this, we note that ”}1/,_,1’1 is bounded for all { > 0 and m € N as uy,, > 0. So on the interval K, there
exists an M > 0 such that Iu)l,r‘nnl < M for all ¢ € K and m € N. Now, y,, > 0 for all m € N, so there exists a
D > 0 such that y,,? < D. Therefore, Iu”’ | < DbM < ooforall £ € K =[0, b] and m € N. Hence uy is uniformly
bounded. To show that uy is umformly bounded on K, uy’ is integrated and its bound is used

13
f " ds-f )fmsu1 ”ds<f DbMds
0

= u” &) = u ., (0)+ DbME.

This implies that Iu;fml <|—=1+ Db*M| for all e Kand meN. So u’y’m is also uniformly bounded. Using the
same argument, it can also be shown that u;,m and uy,, are uniformly bounded.

Next, we will show that uy’ is equicontinuous. For this, the derivative is taken of uy’

-2,,1-

nmro_ 1- n —
(yméu =Ym Uy, +ymfuym Y

qu dcf

Since uy,, > 0 and ), > 0 are uniformly bounded, this means that uy/ is also uniformly bounded by a

number A > 0. Using the Mean Value Theorem A.2 and uniform boundedness of u”” for each &1,é € K
with &1 # &5 there exists a ¢ € ({1, &) such that

;,’:n &) - W "€l =1u""(0)N1E1 - &2l < AlEy =&l

This implies that u;f’ is Lipschitz continuous and therefore also equicontinuous. Using the same argument
with the Mean Value Theorem and uniform boundedness for uy, , u; and uy,,, we can conclude that they
are also equicontinuous.

Ym
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Now, since uy,,, u,,,, ty, and wy are uniformly bounded and equicontinuous on the compact interval K,
m Ym Ym

the Arzela-Ascoli Theorem can be applied and so there exists a subsequence {y,,,} such that Uy, — U in

C3(K) uniformly. Note that, since y,, — oo, it means that for every subsequence {yYm,}, we have y,,, — oco. Us-
ing the same arguments, it implies that for all subsequences {y;,}, there exists a further subsequence {y, lk}

such that Uy,, —win C3(K) uniformly. So by Theorem A.6, Uy, — @in C3(K) uniformly. Since the sequence
k

{ym} was taken arbitrarily, it holds for all sequences and therefore u, — it in C3(K) uniformly as y — oo.

To prove limy .o, \/7b(y) = v/2, it will be shown that liminf, .o, \/¥b(y) = V2 and limsup, ., /¥b(y) < V2.
Define ¢ as u;,(fo) =0. For liminf, ., \/Yb(y) = V2, we note that @#' = —¢ which is always negative for ¢ > 0.
Since u, — @ uniformly in C3(K) for any compact set K = [0, b] with b < /2, it follows that for all ¢ > 0 and
all ¢ € [0,/2), there exists a y* such that for all y > y*, luy (§) — (é)| < € and Iu’y(f) — it/ (&)| < e. Therefore, for
sufficiently large y and ¢ < v/2, we have Uy = it =1- % >0 and u;, ~ &' = —¢. The derivative for large y is
negative when ¢ € (0, V2). As i1 is well defined on ¢ € [0, v/2), it means that for large v, the turning point for u;,

becoming nonnegative is at least on o = V2. So liminfy_.o¢o = \/Yb(y) = V2.
To show lim SUPy oo VYb(y) = v/2, we claim that for a fixed & € (0, v2)

liminfu;, (V2 +8) 2 0. (5.12)
Y—0o0

Suppose this is not the case, so liminf, u’y(\/i +0) < 0. Let {y,} be the sequence where this holds. The
value & = v/2 —§ is on the interval [0, v/2) and so u;,n(\/z— 8) — i'(V2-8)=—-v2+68<0asy, — oco. Also for
large n, u;,n (V2 +8) < 0 by the contradiction assumption. So for large 7, as 1" is monotone increasing

u;,ns—C<O on (V2-6,V2+6).

Now, even though i is only well defined as a limiting function on the interval [0, V?2), uy, approaches 0 if
¢ — V2 for large n. And since uy, is well defined for all ¢ > 0, it means that, since uy, is strictly decreas-
ing on the interval (WV2-6,V2+6), uy, will become negative. This contradicts that a(y) = co and so (5.12)
must hold. This does not prove yet that limsup,_.., /Yb(y) < V2 as liminfy . u;,(\/z + ) can be 0 and so
there exists a subsequence {y,} where u;,n (V2 + 8) approaches zero, but may never actually reach zero. So
liminfy .o u;,(\/z +6) > 0is needed.

Note that ug is increasing and so by the Mean Value Theorem there exists a c € (v2 -8, v/2 + 8) such that
uy (V2 +8) — 1y (V2 - 6)
V2+6-(V2-8)

Then for sufficiently large y and using (5.12), u;,(\/i— 8 = i'(V2-6)=-v2+6 and u;,(\/i+ 8) = 0. This
implies

= uy(0) < u;f(\/§+6).

V2-§
liminfu} (V2 +6) = .
migfuy (V24002 75
As u)’j is increasing, for large y and ¢ = v/2 + § it holds that
V2-6

u;,/(f) > ug,'(\/§+6) > o5

Integrating uj’f on the interval (v2 + 8, v2 + 28) for large y gives

ds

V24268 V2+26 V2-6
f\/EﬂS Y f\/i+§ 26
v2-5 _vV2-§

2 2

= u;,(\/§+26) > u;,(\/§+ 5) +
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Therefore,

> 0.

1iyminfu’y(\/§+ 26) =

This means that ' must cross u’' = 0 somewhere on the interval (v/2, /2 + 26) for a large enough y as u" is
monotone increasing. So &y < v/2 + 26 for large y. Since § may be chosen arbitrarily small, we conclude that
limsup, o = \/7b(y) < V2.

Since liminf, o \/¥b(y) = V2 and limsup, ., = \/7b(y) < V2, we have proven thatlimy_o \/¥b(y) = V2. O

With Lemma 5.4, a bound can be formulated for b(y).

Lemma 5.5. Let a(y) and b(y) be defined as in (5.2) and0 < n < 3. DefineI = {y > 0: a(y) = oo}. Then

M, =sup b(y) < oo.
yel

Proof. Suppose to the contrary that there exists a sequence {yy} < I such that b(y;) — oo as k — co. Now
if yx — oo, by Lemma 5.4(b), \/yxb(yr) — V2. But if b(yy) — oo, it must mean that y; — 0 contradicting
Yk — oo. Furthermore, if yx — 0, by Lemma 5.4(b), it must mean that b(y) — 0, contradicting b(y) — oco. So
{yx} must be bounded and stays away from zero. The Bolzano-Weierstrass Theorem A.5 then states that {y}
has a convergent subsequence {y,} which converges to y* > 0 and also b(yy,) — oo as [ — co. By the same
logic as the compactness argument in Lemma 5.4(b) where a(y) = co, we have

uC,ye) = ut,y") as k — oo in C3(K) uniformly,

where K is any compact subset of [0, a(y*)), since for x = a(y*) the solution crosses u = 0 and leads to irreg-
ularities for «". This means that on K, b(y,) — b(y*) as | — oo and so b(y*) = oco. Suppose that a(y*) = oo,
then y* € I. An argument similar as in the proof of Lemma 4.2 will be used. As u'”'(-,y*) > 0 for all x > 0, it
means that u”(-,y*) is strictly increasing for all x > 0, so limy—_oo t” (x,7*) = L exists. If L > 0, it would mean
that limy_, u(x,y*) = co and so u/(-,y*) must have switched from negative to positive in finite time and so
b(y*) < oo, which is a contradiction. If L < 0, limy_.c #(x,y*) = —00. So u(-,y*) crosses 0 in finite time, con-
tradicts a(y*) = co. So L=0. As u” is strictly increasing for all x > 0, this would mean that u” < 0 for all x > 0.
So u' is strictly decreasing for all x > 0. The proof of Lemma 4.2 then shows that a(y*) should be finite and so
contradicting a(y*) = co.

Since a(y*) < oo, using the same argument steps as in Lemma 5.4(b), it can be shown that b(y,) — a(y™*) as
I — co. But this would mean that since b(yy,) — b(y*) as I — oo, b(y™) < oo, which contradicts that b(y*) = co.
Hence sup,¢; b(y) <oo. O

A bound for a(y) is now also formulated.

Lemma 5.6. Let a(y) and b(y) be defined as in (5.2) and 0 < n < 3. Define ] = {y > 0: a(y) < oo}. Then

Mj =supa(y) <oo.
veJ

Proof. Suppose to the contrary that there exists a sequence {yy} < J such that a(y) — co as k — oco. It will be
shown that y is bounded and stays away from zero. If y; — 0 we note that, since it was proved that S* is open
and nonempty in Lemma 5.2 for small y, it would mean that for large k, b(yx) < a(y). Lemma 5.4(a) implies
that a(yy) = co. By definition, a(y) < oo for all k, so this is not possible. If y; — oo, the same scaling argument
as in Lemma 5.4(b) can be used. We now note that uy, is defined on [0, /yxa(yy)) instead of [0,00). Since
Yr — oo, using the same compactness argument, the solution u,, converges uniformly to the same limiting
function (5.11) in C3(K), where K = [0, b] < [0, /2). Since @ has a zero on V2, it means that /yra(yy) — V2
as yx — oo. But that would imply that a(y) — 0, which contradicts that a(y;) — oco. Therefore, {y;} must be
bounded and stays away from zero.
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The Bolzano-Weierstrass Theorem A.5 states that {y} has a convergent subsequence {yy,} which converges
to y* >0 and also a(y,) — oo as I — oco. So again by the compactness argument in Lemma 5.4(b)

uC,ye) — u(,y") as k — oo in C3(K) uniformly,

where K is any compact subset of [0, a(y*)). As a(yy,) — oo, it means that u(-,y*) > 0 for all x > 0. So a(y*) =
oo. As in the proof of Lemma 5.5, a(y*) = co leads to a contradiction because limy_, 1’ (x,y*) = L exists and
should be L = 0. This means that u” < 0 for all x > 0, since u” is strictly increasing. The proof of Lemma 4.2
then shows that a(y*) should be finite and so contradicting a(y*) = co. Therefore, there cannot exist such a
sequence and hence sup,,c; a(y) <oo. O

5.4. Reformulating equation (5.1)

Now that these bounds are proven, equation (5.1) will be rewritten into a second order ordinary differential
equation. u will be an independent variable, while (#')> becomes a dependent variable. This is possible
as u”(0) = —y <0, so v/ <0 initially. This means that u is strictly decreasing on the interval [0,¢], where
¢ = min{a(y), b(y)}. Set 8 = u(é,y). Then 6 = 0 if a(y) = b(y) and 0 < 6 < 1 if a(y) > b(y). As u is strictly
monotone and continuous on the interval interval [0,¢] ([0,¢) if @ = 0), we obtain that u is bijective on that
interval. So an inverse can be defined o : [0, 1] — [0,{] where

o(u(x,y)=x for0=x<¢. (5.13)

Note that the o is defined on (6,1] — [0,¢) if @ = 0. o has the following properties

o(u) >0, o'(u) <0 forO<u<l1 and o(1) =0. (5.14)

Next, define y: [6,1] — [0,00) by
y(u,y) = (W (o(w),1)>. (5.15)

As g (u(x,y)) = x and u’' <0 on [0, ], taking the square root on both sides gives
u'(xy) = —Vywy. (5.16)

Differentiating this twice using the chain rule and (5.15) and (5.16) gives
1 1
u(x,y) = Ey’(u,y). u" (x,y) = —E\/y(u,y)y”(u,y). (5.17)
If u is a solution of (5.1), substituting these new variables gives

(5.18)

V' +pw)y =0 O<u<l,
J/(LY) = 0& yl(l,Y) = _ZY’

where

dw) =2u"o(u).

For the boundary conditions we have u =1 at x = 0. So using (5.17)

u0,7)=1= o(1)=0,
W0,9=0= y(,y) =@ (c),y)*=0,7y)*=0,

1
u"(0,y) =—y and u"(0) = Ey’(1,«y) = y'(1,y) =-2y.
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The sets ST and S~ can now also be reformulated. Since 6 was defined as 6 = u(¢,y), if 6 > 0, it means that
u(é,y) > 0 while u'(&,y) = 0. So all y with this property are in S*. If 0 = 0 and lim,,_.o+ y(u,y) > 0, it means
by (5.16) that limy_.¢- v/ (x,y) < 0 while lim,_.s- u(x,y) = 0. So if y has this property, it means that it is in ™.
The desired solution is therefore characterized as 8 = 0 and lim,,_.¢+ y(#,y) = 0. Even though 6 = u(¢,y) is not
a fixed boundary, we have more structural information available at 6. Equation (5.18) is therefore easier to
work with as we now also have a second order ordinary and we can obtain bounds easier for the function y
However, it should be noted that the function o (u), which appears in the coefficient ¢(u), is not given explic-
itly. It depends implicitly on the original solution u(x,y) through inversion. Therefore, the equation retains
some complexity due to the implicit nature of o.

Before equation (5.18) is used to prove S is nonempty and open for 1 < n < 3, we proceed to derive bounds
for y.

Lemma5.7. Let y be a solution of equation (5.18) and let 0 < n < 3. Then

yw,y) <2y(l-uw) forO<u<l.

Proof. Since a(u) >0on (0,1) by (5.14), it follows that ¢(u) > 0 on (6, 1). Also, ' <0on (6, 1) and so (J)(u)y’% >
0. Using equation (5.18), we have y” <0 on (0,1). So y' is strictly decreasing. Therefore,

ywy) >y QaQ,y) =-2y onf<u<l.
Integrating this over (u, 1) with u > 0 gives

1 1
f ¥'(s,7) ds>f -2yds
u u

=y, -yuy >-2y1-u
= y(u,y) <2y(1-u.

Where y(1,y) = 0 using the boundary condition of equation (5.18). Therefore, the strict inequality holds on
6,1. O

The following two functionals will now be defined

1
E(u) = E(y’)z +2p(u) /7,

(5.19)
B (yl)z
Gu) = 200 +2/7.

If y is a solution of equation (5.18), then

¢ (W) =-2n-Du "o +2u' "o’ (u).

Note that ¢'(u) < 0 on (,1), since ¢'(u) < 0 on (8,1). Computing the derivatives of E and G gives, using
equation (5.18) for y” and the chain rule,
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E'w)=0"y" +2¢" (w)y+ Yowy 2
=V )y ) +2¢ (W VT+ Y pwy
=2¢' ()7,
4Ny d(w -2 ' (w)
+
2((w)? vy
:2(y’)(—</)(u)y‘%)<p(u)—(y’)2¢>’(u) .
2(p(u))?
AV IV
I S 00 (A CO N
Y S ew)?
__ 0w
2(p(w)?

Nl=

G'(u) =

(5.20)

As ¢'(u) <0 on (0,1), we obtain

E'(u)<0 and Gw>0 forO<u<]l. (5.21)

Using this, the following bound can be proven:

Lemma 5.8. Let y be a solution of equation (5.18) and let0 < n < 3. Then

YV +4pw) /7 >4y>  forO<u<l.

Proof. Since E'(u) < 0 on (0,1), it means that E(u) is strictly decreasing on (6,1). Now using the boundary
conditions of equation (5.18)

(—2y)?
2

1
E) =2 (/' (1,70 +20()V/y0p) = +2:0-V0=2y2

So on (6,1) we have
1
Ew =3 ) +2¢(w) 7 > EQ) = 27>

Therefore, on (6, 1) we obtain

V)2 +4¢p(w) /7 > 4y°.

5.5. Proving S~ is nonempty and openfor 1 <n <3
With equation (5.18) and the bounds that were proven for y, b(y), and a(y), we can finally be prove that S~ is
nonempty and open for 1 < n < 3.

Lemma5.9. S~ defined as in (5.4) is nonempty for1 <n <3.
Proof. UsingLemma5.8onf<u<1
N2 +4p(w) 7 > 4y?

= ()* > 4y* - 4pw) /3 (5.22)
= (Y2 >4y’ -8u "o (u) /3.
Note that o(u) is a strictly decreasing function as u is also strictly decreasing. This means that the highest

value is 0 (@) = ¢, where ¢ = min{a(y), b(y)}. If a(y) = co, using Lemma 5.5, it means that { < M;. If a(y) < oo,
using Lemma 5.6, it means that ¢ < M». Therefore, o(1) < M <ocoon 0 < u < 1, where M = max{M;, M}. This
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means that —o(u) = - M.
Using Lemma 5.7 on 8 < u < 1 we get

y,y) <2y(1—uw)
= VyWw,y) <2y(0-uw
= —Vywy)>-2y(1-w

= -y >-V2y.

(5.23)

Filling this in (5.22) gives

V)2 > 4y* -8u "o (w)\/y
> 4y% —8Mu'~"\/2y

3
2\2
= 4y? 1—(—) Muln).
( Y

Now, to see for which values the term 4y2 dominates, the inequality

(5.24)

3
2\2 1
(—) Mu'™" < =
Y 2

is solved. Therefore, sincel1 <n<3

5

% 1-n
—ux( 1
2z M

5. 3.1 _3
—u>@2 M ")T-ny2i-n

5 1 3
—u> (2§M)ﬁy_2(n—1) .

Define

3

A=@EM)TT,  v=——,
2(n—-1)

ug(y) = Ay~v. (5.25)
Note that uy(y) — 0 as y — oo. So for large v, filling this in (5.24) on uy(y) < u <1 gives
2\?
o)? >4y2(1—(—) Mul_") > 2y%. (5.26)
Y

On uy(y) < u <1 we have
(y/)z > 2)/2
= 1y'1>v2y (5.27)
=y <-V2y or y>v2y.
If y' > v/2y, we would have that y' > 0 on u(y) < u < 1. But then lim,, ;- y'(&,7) # —2y. So by continuity of

y', this cannot hold and so y’ < —v/2y on u(y) < u < 1. By continuity of y’, we obtain y'(u(y),y) < —v/2y.
Integrating this over (u(y), 1) and using y(1,y) = 0 gives
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1 1
f ¥y (u,y)du< —V2ydu
up(y) uo(y)

= y(1,7) - y(uo(y),y) < —V2y(1 - up(y))
= y(uo(y),y) > V2y(L - up(y)) = V2y - V24y' 7.

To bridge the interval (8, uy(y)), define

up =infl@ <u<1:y <0on (u1]}. (5.28)

Since y'(uo(y),y) < 0 by (5.27), we obtain that u; < uy(y) by continuity. Since y is strictly decreasing on
(u1, up(y))

y(ur,y) > yluo(y),y) > vV2y - V2 Ay . (5.29)

Suppose that u; =0.If1<n < g we have v = 1, which implies that for large y, lim,_.¢+ y(u,y) > 0. If% <n<3

we have 0 < v < 1, meaning that 1 — v > 0. However, since the first term has a y of order 1, the first term will
outgrow the second term which will also result in lim,,_.g+ y(u,y) > 0 for sufficiently large y. Since 8 > 0 im-
plies that y(8,y) = 0, we obtain that 8 = 0. So this means that S~ is nonempty by the reformulation. Therefore,
we assume that u; > 6.

Suppose that S™ is empty and so 0 >0 or 8 = 0 and y(0,y) = 0 for all y > 0. Now for u < u; and using (5.19), we
obtain

_(wy))?
G(u) = —2(/)(”) +2v/y(u,y)

= (//(w)? =200 (G -2V/y@w ).
By (5.21), G'(u) >0 on (6,1). So

(' y)? = 2 (Gw) - 2/y(w, )
= (/W) <20 (G -2y 7))
= (// (w, 7)) <2 G(w).
Computing G(u;) using (5.19) and using that y'(uy,7y) = 0 by definition, the following holds

' (,7))? < 2¢p(u) G(uy)

' (u1,7))? )
<2¢(w) (—2<p(u1) +2y/y(u1,y)

<4dp(u)v/ y(uy,y).

Using (5.23) and o (1) < M gives

O (w,7)? < 4p(w)\/y(uy,y)
<8u17”0(u)\/y(u1,)/)

<8/ 2yMu'™".

Taking the square root gives

O/ (u,7))* <8/ 2yMu!™"
1-n

=y (u,p)l <2%yi\/ﬁu z

1-n

= y/(wy)>-21yiVMu? and Yy <2iyiVMu'?,
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Soon (6, u;)
Yy <2iyivVMu'z.
Integrating over (6, u;) yields

th Ut 7 1 1-n
f y’(u,y)du<f 21y1VMu'z du
G G

3-n _n
2 _2iy iVt ® - Z2lyiviie™
3—-n 3—-n

= y(u1,y) - y0,7) <
3-n
2

= y(u1,y) < Cy% u, —CyiHS_Tn +y0,7),

whereC:ﬁz%m>0.Sinceu1<u0(y)and3_T">0f0r1<n<3
1 3on 1 3-n
y(u1,y) <Cyiu*> —Cyi02 +y(0,y)

3-n

< CY% uo(y)3;2n - CY%GT +y(0,7)

1_v@B-n

=CAy* S Cﬁé)%ﬂ +y6,7),

where the definition of u(y) is used (5.25). The power of y in the first term can now be rewritten as

1 vB-n 1 3@m n@-—n)

4 2 4 2 (530)
_ 1 3@-m _
4 4mn-1)

where the power of y in the first term is denoted as a. Note that a <O when 1 < n < % and 0 < a < 1, when
1 _3-n
g < n < 3. Also, since 0 = 0, we obtain that Cys0 2 > 0. Therefore,

y(u,y) < CAY® + y(6,7).

Furthermore, by assumption S~ is empty, so y(8,y) = 0. So

y(u1,y) < CAy*. (5.31)

Now, (5.29) and (5.31) contradict each other for large y. To see this, note thatfor 1 < n < % we have v = 1, so
the second term in (5.29) goes to zero or 1 for large y, while the first term has a y of order 1. Since (5.31) has
a power of a < 1, it would mean that, for y large enough, (5.29) will overtake (5.31) which cannot happen by
the strict inequality. The same also applies when g < n < 3. Even though, 0 < v < 1, (5.29) will still overtake
(5.31) for sufficiently large y. Thus, there must exist a y such that 8 = 0 and lim,,_.¢+ y(%,y) > 0. Thus, S™ is

nonempty. O

Lemma5.10. S~ defined as in (5.4) is open for1 < n <3.

Proof. Let yp € S™. Then, by the reformulation of S7, 8(yo) = 0 and y(0,y¢) > 0. It must be shown that for
Y in the neighborhood of yy, it should also satisfy 6(y) = 0 and y(0,y) >0 and soy € S™. As u;,o < 0 for
[0,1), it means that y(u, ) = (uq’,o)2 > 0 on the same interval. So there exists a positive number ¢ such that

y(u,yo) >4cforO<su< %

Since u(-,y), depends continuously on y as long as u > 0 by Theorem 2.2, o(u) also depends continuously
on y as long as u > 0. So a solution y(u,y) of equation (5.18) also depends continuously on y for0 < u < 1.
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Therefore, as y — yo, y(u,y) — y(u,70) on 8(y) < u < 1. Since O(yp) = 0 by definition, we obtain that 8(y) — 0
asy — Yo.

Let 6 > 0 be a small positive number. Let y be a number that is close enough to Y such that 8(y) < § and
¥(8,7) > c. This is possible as 8(y) — 0 when y — yq by the previous argument and since § > 0, it implies that
there is continuous dependence on y(J,y). So we can get close enough such that | y(5,y) — y(8,70)| < 3c. And
since y(8,70) > 4c, this implies that y(d,y) > c. Integrating equation (5.18) over (u, ) gives

5 5 )
fy"(s,)f)d3=—f Gy 2(s,y)ds
u u
)
:y’(&y)—y’(wyh—f qb(S)y‘%(s,y)ds
u
P
=y (uy) =y’(5,y)+f </>(S)y‘%(s,)f)ds.
u

Integrating this again over (i, ) gives

5 5 5( o )
fy'(s,y)ds:f y'(6,y)ds+f (f (p(r)y_i(r,y)dr)ds

u
o 6
= y6, -y =y~ u)+f (f (b(r)y‘%(r,y)dr) ds
u N
5( b )
zy(u,)f):y(6,y)—y’(6,y)(6—u)—f U (b(r)y‘f(r,y)dr) ds.
u N

To tackle the double integral, Fubini’s Theorem A.4 is used

o 5
yu,y)=y06,7) -y 6,706 - u)—f ([ ¢(r)y_%(r,7)dr) ds
u S

o
=y(5,7f)—y/(5,y)(5—u)—f

u

;
(f ds) (/)(r)yié (r,y)dr
u (5.32)

5
=y(5,y)—y’(5,y)(5—u)—f (r—u)qﬁ(r)y‘%(r,y)dr

u

o
=y(6,y)—y’(5,y)(6—u)—f (r—u)ZU(r)rk”y*%(r,y)dr.

Observe that as long as y(u,y) > ¢ and noting that o () < M, we obtain

8 b
f (r—u)Zo(r)rl_”y_%(r)dr<f (r—u)ZMrl_”L dr.
u u \/E

Integrating the right-hand side for n # 2 gives

° 1 2M [0
(r—w2Mr™"—dr = _f (r— i dr
J vk d)

[

oM (63—n u?)—n u52—n us—n
= - —_ — + .
vVel3-n 3-n 2-n 2-n

For 2 < n < 3, the last three terms are less than 0 and so

0 1 2M
f (r—w2Mri™"—dr 3-n for0O<u<?§.
u

<—95
Ve 3-n)yec
For 1 < n < 2, the fourth term is greater than 0, but since u <6 and2—-n >0

u627n 3-n

> .
2-n 2-n
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This means thatforl<n<2

n

0 1 2M
/ (r—u2Mri="—dr< for0<u<é.
u C

e S
Ve B-n)c

For n = 2, the integral is taken again

0 1 2M 9
(r—u)ZMrl_”—dr:—f r—wr"dr
fu Ve veJu

2M (8% Ui
_ 7 — —— —ulog() + ulog(u) |.
el i

3—-n 3-
Since 6 > u and log(:) is a strictly increasing function

ulog(6) > ulog(u).
Therefore, for n =2,

J 1 2M
f (r—u2Mri="—dr 3-n for0<u<é. (5.33)
u

— 0
e S Bomve

Also, note that lim,,_.¢+ ulog(u) = 0. So for 0 < n < 3 the strict inequality holds. Since this term is greater than
0, a 6 can now be chosen small enough such that

oM
e\ P S P 5.34
B-n)/e 2¢ (5:34)

Furthermore, since § > 0, by continuous dependence there exists a y close enough to y( such that

ly(@&,7) =y, )| +61y'6,7) -y 6,0 <c. (5.35)

Now, yo(u,7y) is subtracted from y(u,y) and the absolute values are taken. Using (5.32) we get

5
ly(w, )=y, yo)l = |y©6,7)—y©6,7) =¥ 6,706 —uw) +y'(6,7)(6 — w) —f (r— u)(b(r)(y‘% (r,y)— y‘% (r,yo)dr|.
u
By the triangle inequality for real numbers and integrals we obtain
! ! J _1 _1
ly(u,y) =y, Yol <ly@6,y) —y©G, I+ - wly 6,y0) =y 6,7l +f [(r=w(r)(y 2(r,y)—y 2(r,yo)ldr.
u

Since (r — u) = 0 and ¢(r) > 0 on r € [u, 0], using the triangle equality again inside the integral gives

6 1 6 1
ly(u,yY)-y(u,yo)l < |y(6,y)—y(6,y)I+(5—u)ly’(6,yo)—y’(6,y)|+f (r—u)qb(r)ly*?(r,y)ldrwtf (r—=w@)y 2(r,yo)ldr.

Now, as long as y(u,y) > ¢, using the strict inequality for the integral (5.33) and using that 6 — u < § gives

2M 2M
) -y, 8,7 = y@EPI+81y 6,70 -y G, )+ ————=8"+ ———5°"
ly(u,y) =y, o)l <1y@6,y) =y, I +6ly 6,y0) — ¥ ( y)l+(3_n)\/z +(3—n)\/5

Using (5.34) and (5.35) yields
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1
ly(u,y) = yu,vo)l <c+2~§c=20. (5.36)

Using that y(u,yo) >4con ue€ [0, %] and using (5.36) results in

Y, y) = y(u,yo0) — (y(u,y0) — y(u,y)) = y(u,yo) — ly(w,yo) — y(u,y)| > 4c—-2c =2c.

Since assuming y(u,y) > ¢ implied a stronger bound y(u,y) > 2¢, by a bootstrap argument, y(u,y) can be
continued down to u = 0 and y(0,y) = 2¢. Therefore, y(0,y) > 0 so there exists a neighborhood of y which
liesin S™. Hence S™ isopenfor 1 < n < 3. O

Having proved all these results, the main theorem can finally be proven.
Theorem 5.11. Suppose 0 < n < 3. Then there exists a solution of equation (4.3).

Proof. In the first section of this chapter it was argued that if there exists a yo with solution u,, of equation
(5.1) such that a(yg) < oo and u'(a(yy)) = 0, there exists a solution to equation (4.3). It suffices to show that
R*\(S* nS™) # @. Theorem 5.1 states that this is true with the help of Lemma 5.2, Lemma 5.3, Lemma 5.9
and Lemma 5.10. Therefore, a solution exists of the equation (4.3). O

Remark. Note that if the nonnegative solution u of equation (4.3) is extended by u(x) = 0 for x > a and re-
flected at x = 0, by Lemma 4.2, this will yield a non-trivial nonnegative solution of equation (3.1). Using the
scaling argument of (3.2), it will result in a nonnegative solution of equation (1.16). This completes the proof
concerning the existence of a non-trivial nonnegative even solution when0 < n < 3.



Uniqueness

To prove statements about the uniqueness of solutions, the following problem is considered: find two positive
numbers a and b and a function u € C1([-b, a]) n C3((=b, @) such that

u(=b)=0, u'(-b)=0, ul@)=0, u'(a)=0, (6.1)

W =xul™ wu>0, for-b<x<a,
u(0)=1.

The following two theorems will be proven:
Theorem 6.1. If 0 < n <2, there exists a unique nonnegative solution of equation (6.1). This solution is even.

Theorem 6.2. If 2 < n < 3, there exists a unique nonnegative even solution of equation (6.1).

These two theorems will be proven using a series of mathematical results.

6.1. Proving the solution is unique and evenfor0 < n <1
The statements will first be proven for0 < n < 1.

Lemma 6.3. If n =1, there exists a unique nonnegative solution of equation (6.1). This solution is even.

Proof. For n =1, equation (6.1) becomes 1"’ = x. Using that the boundary values give u = 0 and «’' = 0 on
x = aand x = —b, u(x) can be written of the form

_ L. 2 2
u(x) = 24(a x)“(b+ x)“.

Differentiating this three times gives

b
u"x)=x+—--— 4
2 2

Note that #"'(0) = 0 when u”’ = x. Therefore,

Using that u(0) = 1, gives

35
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— y(0) = L (g— 012 2
1=u(0) = (a-0°(@+0)

d4
:}1:—
24
=24=a'
1
— a=2443.

Therefore, u becomes the following unique solution
() = = (4% — 02 (24F 1 0
ulx) = — -X x)°.
24
This solution is also even since
Lot 20041 a_ 1 1 201 o
U(=2) = (247 = ()’ (@47 + (-x))* = (247 + 0)°(247 - 0 = u(x).

Note that this result is the same as equation (1.18) when extended by u(x) = 0 for x > a and x < —a and
rescaled using (3.2). O

Lemma6.4. If 0 < n <1, any solution of equation (6.1) is even.

Proof. For a function to be even, it must hold that every odd derivative is zero in x = 0. Let (u,a,b) be a
solution of (6.1). Suppose that u is not even. So there exists an odd derivative of u which is not zero in x = 0.
Define the function

v(x) =u(x)—u(—x). (6.2)
Then
v(0) =0, v'(0) =2u'(0), v"(0)=0 (6.3)
and using equation (6.1)
V" () = (" (x0) — u T (=), (6.4)

Note that all even derivatives are zero in x = 0 for v. For small x # 0, the lowest nonzero odd derivative is
dominating. Suppose that, without loss of generality, the lowest nonzero odd derivative of u is greater than 0
(if the lowest odd derivative is lower than 0, a similar contradiction can be derived using u(—x) > u(x)). This
implies that v(x) > 0 for small x > 0. Therefore, using (6.2), u(x) > u(—x) for small x > 0. Since 0 < n < 1, the
function u!'~" is increasing in u and so v"”" > 0 for small x > 0. Now, note that all derivatives below the lowest
nonzero odd derivative of v are zero at x = 0. Since v"”" > 0 for small x > 0, it follows that v" > 0 for small x > 0
and thus v’ > 0 for small x > 0. Consequently, v is increasing and remains positive on the entire interval x > 0,
as long as both u(x) and u(—x) are defined. Therefore, we conclude that u(x) > u(—x) holds throughout this
interval.

If a < b, then at x = a, since u > 0 on (b, a), we have

ula)=0 and u(—a)=0.

But, since u(x) > u(—x) by (6.2), this implies that

O0=u(a)>u(-a)=0.
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This is a contradiction and so a > b must hold. This means that v"’ >0, v >0, v >0and v > 0 on (0, b). Since

v(0) = 0, we obtain v(b) > 0. Using the boundary conditions of (6.1), we get

v(a) = ula) —u(-a) = -u(-a),
v(b) = u(b) — u(—=b) = u(b).

This implies that u(b) > 0 as v(b) > 0. Since a > b and v is increasing, we obtain

v(a) > v(b)
= —u(-a)>ub) >0

= u(-a) < —-u(b) <O0.

So u(—a) < 0. But, since u > 0 on (—b, a), we arrive at a contradiction. Therefore, all even derivatives should
be zero at x = 0 for u. Thus, ¥ must be even. O

Lemma 6.5. If 0 < n < 1, the nonnegative even solution of equation (6.1) is unique.

Proof. Let (u1, a1, a1) and (uz, az, ay) be two even solutions. Define

V=1u;— Up. (6.5)

Then

v(0)=u1(0)—u(0)=1-1=0,
v'(0) = 1} (0) — up(0)=0-0=0.

Assume for contradiction that u; # uy. If v”(0) =0, then v(x) = 0. To show this, we note that v’ is

V" (%) = x(u) " (x0) — ud T (00).

This is a third order ordinary differential equation. Near x = 0, the right-hand side is locally Lipschitz con-
tinuous, as u; = 1 and uy = 1 near x = 0, and therefore it has a unique local solution by the Picard-Lindel6f
Theorem 2.1. Since v(0) = v'(0) = v”(0) = 0, it means that v = 0 is the unique solution near x = 0. So v =0 on
(—€,¢€) for small € > 0. This implies that all derivatives are 0 on x = 0. Therefore, the Taylor expansion around
x =0 gives
2 3 4
v(x) = v(0) +xv'(0) + x?v”(O) + %v”’(O) + %v”"(O) +...
2,3 v '
=0+ X0+ —0+—0+—0+---=0.

2 6 4!
This results in v(x) = 0. This gives u; = up, which is a contradiction. Therefore, v"(0) # 0 must hold. We
assume that, without loss of generality, v/ (0) > 0 (if v/ (0) < 0, a similar contradiction can be derived using
uy < up). This implies that v’ > 0 for small x # 0 and so v > 0 for small x # 0. Consequently, u; > uy for small
x # 0 using (6.5). Using the definition of v"”, like the proof in Lemma 6.4 with a; = a and a, = b, it can be
deduced that v"" >0, v >0, v' > 0 and v > 0 as long as u; (x) and uy(x) are both defined on the interval.
Moreover, the condition a, < a; can also be derived using the same argument as in the proof of Lemma 6.4.
Now,

V' (ap) = uy(a2) — uy(az) = u} (az) — 0 = uj (az).

Since v’ is strictly increasing on (0, ap), we have
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uy(az) = v'(ap) > v'(0) =0.

However, Lemma 4.3 states that u’1 (x) <0 for 0 < x < a;. This is a contradiction and therefore the solution
must be unique. O

6.2. Proving the even solution is unique for 1 < n < 3 and all solutions are

evenforl<n<?2

To prove the even solution is unique for 1 < n < 3 and all solutions are even for 1 < n < 2, a helping result is
needed to help prove this.

Lemma6.6. Letl < n < 3. Suppose that (uy,ay, b1) and (uz, az, b2) are nonnegative solutions that satisfy equa-
tion (6.1) without the assumption u(0) = 1. Suppose that a; = ay = a and u;(0) = u»(0). Then the difference
v = Uy — Uy has the following property:

eitherv=0 on [0, al,
orv(0)>0, v'(0)<0 andv”(0)>0.

Proof. Differentiating v three times and using equation (6.1) gives

"n_ 1-n 1-n

v =x(uy T —uy ). (6.6)
Now, define the following function
1

o= - E(u’)z. (6.7)

The derivative of this function is
q)/ — v/ U// + UUH’ _ vl U// — VV/N

Because n > 1, the function u!l~

and v"

" is decreasing in u. This means that if u; > u,, we have u%‘” < u;‘”. So v
are always opposite signs except when v = 0 or x = 0. This means that

' =vv"<0 on [0, a)

and therefore @ is decreasing on [0, a). As v" evaluated in x = a may not even be defined, limy_ 4~ ®(x) will be
studied. It is known by the boundary conditions and by continuity that limy_ 4~ v(x) = 0 and lim,_ 4~ v'(x) =
0. To show that lim,_.4- v(x)v"(x) = 0, we must show that v”’ is bounded near x = a. Since u; and u, are
solutions to equation (6.1) without the assumption that ©(0) = 1, their third derivatives are both bounded near
x = a. So the difference v’ must also be bounded near x = a. This implies that |v"'(x)| < C for x € [a— 6, a)
for some C > 0 and small § > 0. Integrating this over the interval [a — §, x) gives

X
V'x)=v"(a-6)+ f V"'t dt.

a-o0

Taking the absolute value and using the triangle inequality gives
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" (x)] =

X
v"(a-8) +f v"'(1) dt‘
a0

X
f v’"(t)dt’
a-6

X
slv"(a—6)|+f 1" (1) dt
-0

X
<1V (a-8)|+ Cdt
a-06

=1V"(a-8)|+C(x—a+9).

<1V (a-8)|+

Since |v"'(a — 6)| is bounded, it follows that v” is bounded near x = a. Therefore, ®(x) — 0 as x — a~. Hence
®=0o0nl0,a).

Suppose @(c) = 0 for some c € [0,a). Since @ is decreasing and ® = 0 on [0, a), it follows that ®(x) = 0 on

X € [¢, @). This implies that ® = vv"’ = 0 on [c,a). As a result, v = 0 on (¢, a) since v""" = 0 only applies when

v =0. Since v = 0 on an interval, it implies that all derivatives are 0 for ¢ € (¢, @). The Taylor expansion around
the point x = £, suggests that v =0 on [0, a].

Suppose that @ >0 on [0, a). Then on [0, a), by the definition of @,
" 1 1\2
vy’ > E(v ) =0.

This means that v and v" have the same sign on [0, @) and are both nonzero. Since v(0) = 0, it follows that v > 0
and v” > 0 on the interval [0, a). To show that v’(0) < 0, note that v > 0 on [0, a), so v is strictly increasing
on this interval. Since v'(a) = 0, it follows that v’ < 0 on [0, @). Hence v(0) > 0, v/(0) < 0 and v"(0) > 0. This
completes the proof where both cases are discussed. O

With this lemma, the following two results will be proven.
Lemma6.7. If 1 < n <3, the nonnegative even solution of equation (6.1) is unique.

Proof. Let (uy,a1,a1) and (uy, az, ay) be two even solutions. u; will be scaled such that Lemma 6.6 can be
applied. To get the same boundary point ay, define

ay

pw=—, i (x) = Aug (ux). (6.8)
ap
So
i (x)
w (px) = = 6.9)
A
Now,
ay - a
i (az) = Auy (pap) = Auy ( ! 2) = Auy(a1) =0,
a-—a
i (=ap) = Auy (—pap) = Auy ( ! p 2) =Aui(—ap) =0.
2
This implies that #1; is defined on [—ay, a»]. Since u; satisfies equation (6.1), we obtain the equation
u) (ux) = pxuy (pux)' =" (6.10)

Now, using (6.8),

N 3. .m

) (x)=Ap’uy (ux).
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Using (6.9), we get
i (x)

1-n
A ) :An—lal(x)l—n.

up (o)t " =(

Therefore, using (6.10),

NV 3. .m

4y (ux) = APl (ux) = A xug ()" = A"t iy ()"

To satisfy equation (6.1), we require

Therefore,

Set v = @) — up. Since both #; and u, satisfy equation (6.1), without the assumption «(0) = 1, and both have
the boundary condition on ay, it only needs to be shown that #; (0) = u»(0). At x =0, since u; (0) =1

4 4
1(0) = (@) 10 (0) = (@)
ay a

1

Note that u(0) = 1. If a; > a», —v satisfies the conditions of Lemma 6.6. If a; < ay, v satisfies the conditions
of Lemma 6.6. Now, by evenness, v'(0) = 0. It follows that v = 0 on [0, az] by Lemma 6.6. This means that
i1 = u. Since i1; (0) must be 1, it holds that
4
(@) "o
ay

Therefore, a; = a» = a. This means that #; = u; = up on [0, a] and so on [—a, a] by evenness. Hence the even
solution is unique. O

Lemma 6.8. If 1 < n <2, any solution of equation (6.1) is even.

Proof. Let (u, a, b) be a solution of equation (6.1). To apply Lemma 6.6, a similar function like in the proof of
Lemma 6.7 is used

u = (%)% u(—@). 6.11)

Now,

w@=(5)’ ”(‘b—;) = (%)% u(-b) =0,

a “2)-(“)‘*u(baz)-(“)ﬁm)-o
) ab) b -
So the function is defined on [—“—bz, a] and satisfies equation (6.1) without the assumption that u;(0) = 1. Set

v = u; —u. This satisfies the conditions for Lemma 6.6 for either v or —v depending on whether a > bor a < b.
Differentiating v on x = 0 gives
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- 1) u(0),

u’(0)=—((g)%+1
4-2n

u”(0)=((%) " —l)u"(O).

u' (0), (6.12)

If n =2, (6.12) yields that v"(0) = 0. So v = 0 by lemma 6.6. This means that u; = u on [0, a] and so u;(0) = 1.
Using (6.11), we obtain a = b. Also, by the construction of u;, u; = u implies that u(—x) = u(x) on [0, a] and
therefore it holds on [—a, a]. Hence u is even. This proves the lemma for n = 2.

Next, suppose that 1 < n < 2. It will first be proven that a = b. Suppose by contradiction that a > b with-
out loss of generality (if a < b a similar contradiction can be derived using —v). It follows from (6.12) that
v(0) > 0. By Lemma 6.6, we obtain that v'(0) < 0 and v"(0) > 0. Since n < 2, it must hold that «(0) > 0, #'(0) > 0
and u"(0) > 0 by (6.12). Since «’” > 0 on (0, a) by equation (6.1), it implies that u is strictly increasing on (0, a).
Since u(0) > 0, it means that u(a) > 0, which is a contradiction with the boundary condition u(a) = 0. There-
fore, a = b. Therefore, v(0) = 0 by (6.12). So v =0 on [0, a] by Lemma 6.6. Hence u(—x) = u(x) on [—a, a] using
the same argument with n = 2. Thus, u must be even. O

All these results combined prove Theorem 6.1 and Theorem 6.2.

Remark. Note that if the unique nonnegative even solution u of equation (6.1) is extended by u(x) =0 forx > a
and x < —a, by Lemma 4.2, this will yield in a unique nonnegative even solution of equation (3.1). Using the
scaling argument of (3.2), it will result in a unique nonnegative even solution of equation (1.16). Using the
same transformations, we have also proven that every solution is even for equation (1.16) when 0 < n < 2. This
completes the proof concerning the uniqueness of a nonnegative even solution when 0 < n < 3 and the proof
that all solutions are even when0 < n < 2.






Constructing self-similar solutions
numerically

In this chapter, the self-similar solution of equation (1.16) will be constructed numerically using the shoot-
ing method. This is done by searching for a y, where the solution of equation (5.1) satisfies the properties
of equation (4.3). In chapter 5 and 6, it was shown that this vy is existent and unique. When vy is found,
the solution of equation (4.3) with that corresponding yp will be extended by u(x) = 0 for x > a,, and will be
reflected at x = 0. Using the scaling argument of (3.2), this will result in a unique nonnegative even solution
for (1.16). Methods and results in this chapter can be found in more detail in [14].

To solve equation (5.1), we will rewrite the equation as a system of equations. This is done by defining the
functions u;, u, and ug as

U =u, u =u, uz=u".

Then

li ! ! 1-n
Uy = up, U, = Us, Ug = XUy .

Therefore, the equation can be written as

up(x) Uz (x)
u(x) = (uz(X)), u'(x) =F(x,u) = ( us (x) ) 7.1)
us(x) xup (0"
with initial condition
1
u(0) = ( 0 ) (7.2)
-7

7.1. Stability analysis

First, we check the analytical stability. A system is called stable if a small perturbation of the parameters
(including the initial condition) results in a small difference in the solution. This results in numerical errors
not getting amplified as the solution evolves, ensuring that the numerical solution stays close to the true
solution. Analytical stability is obtained when all the eigenvalues have nonpositive real part. Since equation
(7.1) is nonlinear, the stability can be checked locally in the point (%, @) by computing the Jacobian matrix in
that point and computing the eigenvalues. The Jacobian matrix is defined as

43
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0u1 aLLQ 6u3
0F, O0F, O0F

ouy Oup Ou

0u1 aLLQ 6u3

Evaluating this in the point (%, @) gives

0 1 0
J(Xa) = 0 0 1].
A-mzxa;" 0 0
Computing the eigenvalues yields
-1 1 0
det 0 -1 1]=0
1-mxa;” 0 -1
= - +Q-mid " =0
= A =0-niu "
For 0 < n < 1, this results in
A=r, A=resim, A=res'”,
where )
r=|Q-nxa 3. (7.3)
For 1 < n < 3, this leads to
A=re”, A=res'”, A=res'”,
where .
r=|1-nxa "3, (7.4)

By shifting the root by 2?” in the complex plane, we observe that there are always eigenvalues with positive
real part, except when n = 1, where all the eigenvalues are zero. Consequently, the solution is not analytically
stable for 0 < n < 3, except at n = 1. Although the solution is analytically unstable for 0 < n < 3 (except at
n = 1), numerical integration can still provide valuable insight into the system’s behavior. By carefully select-
ing the numerical methods and controlling the step sizes, we aim to approximate the solution trajectories
and investigate whether the computed solutions retain the qualitative properties established analytically in
chapter 4.

7.2. The numerical integration method

Next, a numerical integration method will be chosen. A built-in Scipy function will be used to integrate the
system in steps of size Ax,, where Ax,, differs for each step. Since it is an approximation, u will be denoted as
w. This built-in function uses the Runge-Kutta (RK4) method which approximates the solution w,,,; at step
Xn+1 by using the approximated solution w,, evaluated in the previous step x,. This method is defined as

1
Wyl =Wy + g(kl +2ky +2ks + ky),

where k; to k4 are given by
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kl = Aan(-xnrwn)y

1 1
ko, = Ax,F(x, + EAmen + Ekl)'

1 1
ks = Ax,F(x, + zAxn,wn + Ekg),
ks = Ax,F(x, + Axy,,wy, +k3).

For wy, the initial condition is used. Note that this is the explicit RK4 method. The built-in function also has
an implicit RK4 method, but this method is much more computationally expensive, while giving identical
results as the explicit RK 4 method, see Figures A.1-A.8. Therefore, the explicit RK4 method is used.

The RK4 method has a local truncation error of @ (Axﬁ), see Definition A.4. The local truncation error in-
dicates the new error per integration step. Since Ax, is typically smaller than 1, higher-order methods like
RK4 generally yield a lower error per timestep compared to lower-order methods. The built-in function also
uses local extrapolation such that the local truncation error becomes @ (Ax}). Using the amplification ma-
trix Q(AAxy) of the RK4 method, numerical stability can be acquired when |Q(AAx,)| < 1, which controls or
dampens errors that are caused by small perturbations. However, since our eigenvalues A have positive real
parts, analyzing stability is not meaningful in our case. Instead, we will use a small step size and observe the
behavior of the numerical solution.

7.3. The bisection method

To find the yo numerically, the bisection method is used. In the proof of Lemma 5.2, it was shown that y
should be small enough in order to be in the set S* and in the proof of Lemma 5.3 and Lemma 5.9 it was
shown that y should be large enough in order to be in the set S™. This means that there is a transition point y,
such that all values below Y are in ST, while all values above yq are in S~. Therefore, two initial solutions will
be used. One solution where y will be chosen small enough such that the solution is in S* and one solution
where y will be chosen large enough such that the solution is in S~. Call y, the y where the solution is in S*
and y_ the y where the solution is in S™. This means that y is in the interval (y,,y-). The bisection method
keeps dividing the interval into two equal parts and continues with the interval that contains yy. Set Y = v,
and y° = y_. A new approximation for yj is iteratively computed by

m_Yr+r?
B

For each y™, the solution will be constructed numerically. If # and u’ are simultaneously vanishing, yq is

found. If not, a new interval [y"*!,y"*1] is created using y""*! = y" and y"*! = y™ if the solution y™ is in
S*,and y"*! = y™ and y"*! = y™ if the solution Y™ is in S~. The bisection method makes sure y™ converges

to . Since u and v’ cannot be exactly zero when computed numerically, a very small bound is used in order
to check whether u and u' become zero. This bound will be the stopping criterion.

7.4. The results

The self-similar solution will now be constructed using the methods described above. When ¥y is found, the
solution of equation (4.3) with that yo will be extended by u(x) = 0 for x > ay, and will be reflected at x = 0.
The solution is then scaled using the scaling argument of (3.2) to get the self-similar solution for equation
(1.16). The integral is calculated using a composite trapezoidal rule. The corresponding code is provided in
Appendix A.3. The results for ¢ = 1, where c represents the volume, are given in Figures 7.1-7.8 and Table 7.1
for different n values.

In Table 7.1 the 7y, is given for multiple n values together with the value a where the solution becomes zero
along with the values for f and f’ evaluated in the point g = a. The fact that f and f’ are numerically close
to zero at u = a, and that mass is conserved to high precision, provides strong numerical evidence that this
is the self-similar solution of equation (1.16), up to a small numerical error. Note that the same values also
apply for p = —a by symmetry.
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The self-similar thin-film solution when n=0.1
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1 value

Figure 7.1: The numerical solution of the self-similar
thin-film equation for n =0.1. Here, c = 1.

The self-similar thin-film solution when n=1
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Figure 7.3: The numerical solution of the self-similar
thin-film equation for n = 1. Here, c = 1.

The self-similar thin-film solution when n =2
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Figure 7.5: The numerical solution of the self-similar
thin-film equation for n = 2. Here, c = 1.

The self-similar thin-film solution when n=2.9
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Figure 7.7: The numerical solution of the self-similar
thin-film equation for n = 2.9. Here, ¢ = 1.

The self-similar thin-film solution when n=0.5
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Figure 7.2: The numerical solution of the self-similar
thin-film equation for n = 0.5. Here, c = 1.

The self-similar thin-film solution when n=1.5
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Figure 7.4: The numerical solution of the self-similar
thin-film equation for n = 1.5. Here, ¢ = 1.

The self-similar thin-film solution when n=2.5
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Figure 7.6: The numerical solution of the self-similar
thin-film equation for n = 2.5. Here, ¢ = 1.

The self-similar thin-film solutions for different n
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Figure 7.8: The numerical solution of the self-similar
thin-film equation for different n. Here, ¢ = 1.
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[ n Yo a fa f'(a) S fwadp |
0.1 | 0.67506 3.87868 —2.1-10"° —8.6-10"17 1.000001443
0.5 | 0.72822 320979 2.1-10°" 95.1077  1.000002351
1.0 | 0.81650 2.57176 -1.4-107® 5.6-10"17  0.999988783
1.5 | 0.94708 2.07448 3.4-1077 1.7-107®  1.000004076
2.0 ] 1.16895 1.67889 2.7-10710 —1.4-107% 0.999999996
25 | 1.67716 133930 55-10°1° 3.7-1071°  0.999994000
2.9 ] 359439 1.00174 5.3-10710  24.107%  0.999967202

Table 7.1: The y for different n values together with the value a where the solution becomes zero and the values for f and f’ in the point
1= a. The integral is also given which shows that mass conservation holds. Here, ¢ = 1.

2] 7 a f@ F@ o fwdu
0.1 [ 0.67506 4.59044 -1.8-107' —6.1-10"1% 1000.001
0.5 ] 072822 691529 1.0-10%  2.0-107% 1000.002
1.0 | 0.81650 10.23836 -3.5-107/ 3.6-10° 1 999.988
1.5 | 094708 13.64871 5.1-10°1° 39.1071° 1000.003
2.0 | 1.16895 16.78887 2.7-10°7 -1.4-10"T 1000.003
25 | 1.67716 19.08639 3.8-1077 1.8-1077 1000.002
2.9 | 359439 18.26528 2.9-107° 7.1-1079 1000.006

Table 7.2: The y for different n values together with the value a where the solution becomes zero and the values for f and f’ in the point
1= a. The integral is also given which shows that mass conservation holds. Here, ¢ = 1000.

The self-similar solution is also computed for ¢ = 1000. The results are given in Figures 7.9-7.16 and Table
7.2.

Although Table 7.2 shows slightly reduced accuracy in the computed integral and in the values f and f’ at
1 = a, the results remain sufficiently accurate to support the conclusion that the numerical solution exhibits
the properties of the self-similar solution. Note that a larger mass ¢ does not impact the y, value. This is
because the function is first solved for equation (5.1), and after that, it is rescaled to match the volume c.

In chapter 1, we mentioned that there is no closed form solution for equation (1.16) except when n = 1, which
is described in (1.18). Comparing the exact solution of equation (1.18) with the numerical approximation is
found in Figure 7.17 and Figure 7.18. The figures indicate that the exact closed form solution is the same as
our numerical approximation.

Observe that, even though the differential equation was not stable, we still obtain numerical solutions that
satisfy the qualitative properties such as compact support and mass conservation. This consistency enforces
the reliability of the computed results.

7.5. Behavior near u=a

Even though both Table 7.1 and Table 7.2 show that the function value at u = a drops to practically zero for
both f and f’, Figure 7.7 and Figure 7.15 indicate that there is a sharp edge near u = a for large n, while Figure
7.1 and Figure 7.9 indicate that the solution smoothly translates to zero near u = a for small n, which is what
would be expected. This can be explained both mathematically and physically.

In the paper of Bernis, Peletier & Williams [4], the behavior near x = q; is analyzed for a solution of equation
(4.3), where a; = al denotes the boundary of the support of the solution, and ! denotes the scaling coefficient
from (3.2). This is done by using results from [25]. As a result, the following theorem was proven.
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The self-similar thin-film solution when n=0.1 The self-similar thin-film solution when n=10.5
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Figure 7.9: The numerical solution of the self-similar
thin-film equation for n = 0.1. Here, ¢ = 1000.

The self-similar thin-film solution when n=1
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7.11: The numerical solution of the self-similar

thin-film equation for n = 1. Here, ¢ = 1000.

The self-similar thin-film solution when n =2
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Figure 7.13: The numerical solution of the self-similar

thin-film equation for n = 2. Here, ¢ = 1000.

The self-similar thin-film solution when n=2.9
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Figure 7.15: The numerical solution of the self-similar
thin-film equation for n = 2.9. Here, ¢ = 1000.

Figure 7.10: The numerical solution of the self-similar
thin-film equation for n = 0.5. Here, ¢ = 1000.

The self-similar thin-film solution when n=1.5
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Figure 7.12: The numerical solution of the self-similar
thin-film equation for n = 1.5. Here, ¢ = 1000.

The self-similar thin-film solution when n = 2.5
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Figure 7.14: The numerical solution of the self-similar
thin-film equation for n = 2.5. Here, ¢ = 1000.

The self-similar thin-film solutions for different n
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Figure 7.16: The numerical solution of the self-similar
thin-film equation for different . Here, ¢ = 1000.
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The numerical and exact self-similar thin-film solution at n = 1 compared The numerical and exact self-similar thin-film solution at n = 1 compared
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Figure 7.17: The numerical self-similar thin-film solution Figure 7.18: The numerical self-similar thin-film solution
compared with the exact self-similar thin-film solution. Here, compared with the exact self-similar thin-film solution. Here,
c=1. ¢ =1000.

Theorem 7.1. Let u be a nonnegative solution of equation (4.3).
(@) If 0 < n <3, then there exists a constant & > 0 such that

u(x) ~E(al—x)2 asx— aj.

M) If n= %, then

361[ % 2 %
ux) ~|—| (aj—x)|log asx— aj.
4 a—x
(c)If%<n<3, then
u(x)~B(al—x)% asx— aj,
where

1
na; n

B=|——"7"—"—
3B3-n)(2n-3)

Note that the same behavior applies to solutions of equation (1.16), as rescaling does not effect the qualitative
behavior of the solution near the edge of the support, it only modifies the associated constants. This theorem
shows that for small n, the derivative will smoothly decay to zero as x — a;. For large n, the exponent % -1
becomes close to zero, and since (a; — x) < 1 for values close to a;, the solution exhibits a sharp cutoff despite
vanishing at x = a;.

A more physical way to understand this is that when there is little or no slip at the surface, the fluid en-
counters high resistance near the free boundary. This leads to a sharp cutoff at the edge of the film, as the
fluid cannot easily move where it’s very thin. In contrast, with free slip, the resistance is lower, allowing the
solution to decay more smoothly towards zero near the free boundary.

Another interesting aspect to note is that for small values of ¢, the value a tends to be larger, while the maxi-
mum value f is smaller for small values of n compared to large n. For large c, the opposite is observed. This
can be understood by considering the effect of the nonlinear mobility |f|". For small ¢, the function f is
small at the origin by mass conservation. For small 7, the mobility | f|" remains relatively large even when f
is small, allowing the profile to diffuse more efficiently and spread further. For larger n, the mobility is much
more compressed for small f, resulting in a more localized and less spread-out profile. For large c, the func-
tion f is large at the origin by mass conservation. Therefore, the mobility | f|” increases rapidly as n increases.
Thus, for higher 7 values, the profile spreads more, which is in contrast to small ¢ values.



50 7. Constructing self-similar solutions numerically

7.6. Behavior as n — 0
To study the behavior as n — 0 for self-similar solutions, we will compare it with the biharmonic heat equation
with a source type initial condition

(7.5)

o,u=-0%u inS=RxR",
u(x,0)=cod(x) forxeR,

where ¢ > 0. Observe that this equation corresponds to n = 0 for equation (1.1) which serves as a linear
reference for understanding the behavior of solutions as n — 0. The biharmonic heat equation also describes
a diffusive process, but one that spreads more slowly and smoothly than the regular heat equation. The
biharmonic heat equation also preserves mass conservation. We can solve the equation analytically using
Fourier transforms and known Fourier integral identities, drawing on definitions and results presented in [19].
The Fourier transform in space & [u(x, )] (w, t) = i@l(w, t) is defined as

g[u(X, t)]((l), t):[ u(x’ t)e*l'a)xdx.

—00
Taking the Fourier transform on both sides of equation (7.5) gives

g[at u(x) t)](wv t) = 6ta(wr t))
F-0%ulx, O, 1) = —o*iw, ).

The initial condition becomes
Fcd(x)](w,0) =c.

This reduces the problem to
00w, ) = —w*i(w, 1)

Solving this results in

4
w,H)=ce L.

Applying the inverse Fourier transform yields

c [ :
ulx,t) = — e 1 pi0x g (7.6)
21 J-o

Applying a change of variables w = st gives

1 ¢ [ _4 ;...
ulx, )=t 4—[ e S et g,
27 J-co

Therefore, equation (7.5) has a self-similar form

ux, )=t TH@m), n=xt71, (7.7)
where H(n) is defined as
H(n) = é N e el ds.

Therefore, to compare the self-similar solution of the thin-film equation with the solution of the biharmonic
heat equation, we can set t = 1. At this time scale, the biharmonic heat kernel attains its canonical self-similar
profile, allowing us to directly compare the two solutions. We set 7 = 10~'6 and we will solve the solutions for
both ¢ =1 and ¢ = 1000. The results are shown in Figure 7.19 and Figure 7.20.
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Source type self-similar solution and biharmoenic heat equation
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Figure 7.19: The self-similar thin-film solution compared to

the biharmonic heat equation solution. Here, ¢ = 1.

Source type self-similar solution and biharmonic heat equation
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Figure 7.20: The self-similar thin-film solution compared to
the biharmonic heat equation solution. Here, ¢ = 1000.

We observe that the self-similar solution remains positive, while the biharmonic heat equation solution de-
velops oscillations and takes on negative values. As a result, its peak at the origin is higher to ensure mass
conservation. Furthermore, the volume ¢ does not change the shape of the solution. This qualitative differ-
ence in profile shape confirms that the limit 7 — 0 does not exist in a meaningful analytical sense. Therefore,
we can conclude that the nonlinear thin-film equation with n > 0 and the linear biharmonic heat equation
with n = 0 give rise to solution profiles that belong to fundamentally different classes, and that the biharmonic
heat equation cannot be viewed as a true limit of the thin-film equation as n — 0.






Conclusion

The main goal of this thesis was to expand the content of the paper from Bernis, Peletier & Williams [4] by
rewriting it and providing more detail to the proofs. The paper focuses on the existence and uniqueness of
nonnegative, even, source type self-similar solutions

Uf@I™f" (W) = aluf (W)’ for —oo< p<oo,
wfw—o0 as (1 — +oo,

which satisfy the integral condition
o0
f fwdp=c.
—00

This is done by first proving that no non-trivial solution exists when n = 3 and that for 0 < n < 3, the function
has qualitative properties such as compact support. After that, a shooting method is established to find a
solution that satisfies those qualitative properties. Furthermore, uniqueness is proven together with the fact
that all nonnegative self-similar solutions are symmetric for 0 < n < 2.

This thesis also constructed the nonnegative symmetric self-similar solution numerically, which visualizes
how the self-similar solution looks and how it behaves. It also shows that the numerically constructed so-
lution indeed satisfies the qualitative properties which were proven analytically. Moreover, we analyzed the
behavior near 1 = a to understand the sharp cutoff at the edge of its support as n gets larger and we also
studied the behavior as n — 0 where we concluded that the biharmonic heat equation cannot be viewed as a
true limit of the thin-film equation.

Furthermore, the one-dimensional thin-film equation was derived from the Navier-Stokes equations using
a lubrication approximation to give a more physical insight into how the solution behaves.
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Appendix

A.1. Self-similar solutions constructed using an implicit RK4 method

The self-similar thin-film solution when n = 0.1

pvalue

Figure A.1: The numerical solu-
tion of the self-similar thin-film
equation for n = 0.1 using an im-
plicit RK4 method. Here, ¢ = 1.

The self-similar thin-film solution when n=1.5

Figure A.4: The numerical solu-
tion of the self-similar thin-film
equation for n = 1.5 using an im-
plicit RK4 method. Here, ¢ = 1.

The self-similar thin-film solution when n =2.9

Figure A.7: The numerical solu-
tion of the self-similar thin-film
equation for n = 2.9 using an im-
plicit RK4 method. Here, ¢ = 1.

The self-similar thin-film solution when n=0.5

Figure A.2: The numerical solu-
tion of the self-similar thin-film
equation for n = 0.5 using an im-
plicit RK4 method. Here, ¢ = 1.

The self-similar thin-film solution when n =2

20 -1s -lo -05 00 05 10 15 20
value

Figure A.5: The numerical solu-
tion of the self-similar thin-film
equation for n = 2 using an im-
plicit RK4 method. Here, ¢ = 1.
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The self-similar thin-film solution when n =1

Fualue

value

Figure A.3: The numerical solu-
tion of the self-similar thin-film
equation for n = 1 using an im-
plicit RK4 method. Here, ¢ = 1.

The self-similar thin-film solution when n =2.5

15  -lo o5 0o o5 10 15
i value

Figure A.6: The numerical solu-
tion of the self-similar thin-film
equation for n = 2.5 using an im-
plicit RK4 method. Here, c = 1.
The self-similar thin-film solutions for different n
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— n=15
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A
N // \\\

Figure A.8: The numerical solu-
tion of the self-similar thin-film
equation for different n using an
implicit RK4 method. Here, ¢ = 1.



56 A. Appendix

A.2. Additional definitions and theorems

Definition A.1. (Open and closed balls) [7] Let M be a set and r > 0. The set B(x,r) ={ye M:|x—y|<r}is
called the open ball around x with radiusr. The setB(x,r) = {ye M:|x—y| < r}iscalled the closed ball around
Xx with radius r.

Definition A.2. (Open set) [7] Let M be a set. The set M is called open if, for all x e M, there exists ane > 0 such
that B(x,e) € M.

Definition A.3. (Convexity) [1] Let f : D — R. f is said to be a convex function if and only if, for all x,,x, € D
and a € [0, 1], we have

flaxi+(Q—-a)x) <af(x)+(1-a)f(x2).

Therefore, f is also convex if f" = 0. If there is a strict inequality for a € (0,1), then f is called strictly convex.

Definition A.4. (G -symbol) [14] Let f and g be given functions. Then f = 0(g(x)) for x — 0, if there exist a
r >0 and M > 0 such that

| f(x)] = M|gx)| forallxe[-r,r].

Theorem A.1. Fundamental Theorem of Calculus [24] Let f be integrable on [a, b]. For each x € [a, b], let
X
F(x)= f fdze.
a
If f is continuous at c € [a, b, then F is differentiable at c and
F'(c) = f(c).
Also, if F is differentiable on [a, b] and f is integrable on [a, D], then

b
f f(x)dx=F(a)—-F(b).
a

Theorem A.2. Mean Value Theorem [24] Let f be a continuous function on [a, b] that is differentiable on (a, b).
Then there exists at least one point c € (a, b) such that

fb)-f(a)
—

! —
flo=—=—,

Theorem A.3. Extreme Value Theorem [2] Let f be a continuous function on [a, b]. Then f is bounded and it
attains a c,d € [a, b] such that f(c) < f(x) < f(d) forall x € [a, b].

Theorem A.4. Fubini’s Theorem [18] Let B = [a1, b1] x [ay, b2] be a closed triangle on R? and let f:B—Rbe

an integrable function. Then
by ( pbe
ff f(x,y)d(x,y)zf { f(x,y)dy} dx
B ay ap

by by
:f {f f(x,y)dx}dy.
ap ay
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Theorem A.5. Bolzano-Weierstrass Theorem [24] Every bounded sequence {s,} c R has a convergent subse-
quence.

Theorem A.6. [7] Ifevery subsequence of {s,,} has a further subsequence that converges to s, then {s,} converges
tos.

A.3. Numerical solution code

# Self-Similar Solutions to the Thin-Film Equation
# Implementing the Shooting Method

# The self-similar solution for the thin-film equation is constructed using numerical methods.
# In order to use it, one should change the c value to its desired value

# and also add the desired n value with 0 < n < 3 in the list nvalues.

# The last codeblock returns a gif which plots the n values ranging

# from 0.1 to 2.9 with step size 0.1 with the chosen c¢ value.

# The code was made using a Jupyter Notebook file.

# Each code cell is enclosed between lines starting with ######.

REHARHHARHHARHHATARBARRHARRHARRHARRHARRHARBHARRHARBHARBHARBHARHH
# Loading the needed packages

import numpy as np

import matplotlib.pyplot as plt

from scipy.integrate import solve_ivp

from scipy.interpolate import interpld

from matplotlib.animation import FuncAnimation
from scipy. fft import fft, ifft, fftfreq
import warnings

warnings. filterwarnings ("ignore")
RARBHARRHARRHAARHARHHARHHAARH AR HHARHAARHHARHHAARHARRHARRHARBHAAH
# Defining the parameters

#Defining the different 0 < n < 3
nvalues = [0.1, 0.5, 1, 1.5, 2, 2.5, 2.9]

#Setting the mass of the droplet
c=1

#Defining the starting parameters gamma, where gamma_plus is in S+ and gamma minus is in S-
gamma_minus = 10
gamma_plus = 0.001

#Setting the madmum step size and xmax
Dx = 0.01
xmax = leb6
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#Defining a bound for u and u_prime
bound = le-10

#Max iterations for the bisection method
max_iter = 1000

HHHHAARRRRHHHHARRRRHHHAAARRBHHHAAA TR BB HHHAARRRBHHHAAARR BB HH A
# The Non-linear System

def f(x: float, n: float, u: np.ndarray) -> np.ndarray:

meon

The non-linear system.

Parameters:
x (float): x value.
n (float): n value.
u (np.ndarray): array with value u, u’ and u’’ at point x.

Returns:
f (np.ndarray): array with the values evaluated in the non-linear system at Xx.

men

ul, u2, u3 = u
return np.array ([u2,u3,x*float(ul)**(1-n)])

REHARHHARHHARHHRRHARRHARRHARR AR R HARHAARBHARBAARBHARHAARHHARHAA
# Time Integration

#These two functions make sure that the solver terminates when u or u’ hit zero
def u_is_zero(x: float, y: float) —> float:
return y[0]

u_is_zero.terminal = True
u_is_zero.direction = -1

def u_prime_is_zero(x: float, y: float) —> float:
return y[1]

u_prime_is_zero.terminal = True
u_prime_is_zero.direction = 1

def Timelntegration (Dx: float, xmax: float, n: float, u_0: np.ndarray) —> tuple:
The time integration method. Uses the built-in scipy function "solve_ivp"
with standard method explicit RK4.

Parameters:
Dx (float): update step size.
xmax (float): maxdmum x value before the function terminates.
n (float): n value.
u_0 (np.ndarray): array with the initial values.

Returns:
u_values, x_values, u, u_prime (tuple): u_values and x_values after time integration
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and u and u_prime at the last integration timestep.

men

sol = solve_ivp (
lambda x, y: f(x, n, y),

[0,xmax],

u_0,

events =[u_is_zero,u_prime_is_zero],
rtol = le-16,

atol = le-16,
max_step = Dx

return sol.y[0], sol.t, sol.y[0][-1], sol.y[1][-1]
Fdiddidaa da i didid g g g g g g g g g

# The Bisection Method

def Bisection (Dx: float, xmax: float, n: float, gamma minus: float, gamma_plus: float,
bound: float, max_iter: float) —> tuple:

mon

The bisection method. Used to find the correct gmmma such that u and u’ become
simultaniously zero.

Parameters:
Dx (float): update step size.
xmax (float): madmum x value before the function in Timelntegration terminates.
n (float): n value.
gamma_minus (float): gamma value which is in the set S-.
gamma_plus (float): gamma value which is in the set S+.
bound (float): bound for u and u’ which they need to satisfy in order to find
the correct gamma.

max_iter (float): maximum number of iterations of the bisection method before
it terminates.

Returns:

u_values, x_values, opt_ gamma, u, u_prime (tuple): u_values of the optimal gamma
x_values of the optimal gamma and u and u_prime are the exact values at
the last timestep of the optimal gamma.

men

#Defining the initial values for S- and S+ and performing time integration
u_0_minus = np.array([1,0,-gamma_minus])
u_0_plus = np.array([1,0,-gamma_plus])

_,» _» _, u_prime = Timelntegration (Dx = Dx, xmax = xmax, n = n, u_0 = u_0_plus)
_, _, u, _ = Timelntegration(Dx = Dx, xmax = xmax, n = n, u_0 = u_0_minus)

#Defining the iteration parameter
iter = 0

#A while loop to keep performing the bisection method until it hits the correct gamma
#or max iterations

while True:

#Defining a new gamma by taking the average of gamma+ and gamma- and
#performing time integration
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new_gamma = (gamma_minus + gamma_plus)/2

u_0 = np.array([1,0,-new gammal])

u_values, x_values, u, u_prime, = Timelntegration (Dx = Dx, xmax = xmax, n = n,
u_ 0 = u 0)

#If the correct gamma is found which satisfy the bounds, the values are returned
if u<bound and -u_prime<bound:
return u_values, x_values, new gamma, u, u_prime

#Updating the iteration step and if it hits the max iterations, the function terminates
iter += 1
if iter == max_iter:

print ("Max Iterations_hit")

return u_values, x_values, new gamma, u, u_prime

#Checking in which set our new gamma is and updating our old gamma in order to apply
#the bisection method again
if u < bound:
gamma _minus = new_gamma
else:
gamma_plus = new_gamma
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# Mass Conversation

def TrapezoidalRule(x_values: np.ndarray, u_values: np.ndarray) —> float:

meon

The trapezoidal rule for integrals. Uses the trapezoidal rule with composition.

Parameters :
x_values (np.ndarray): x values of the numerically approached ODE.
u_values (np.ndarray): u values of the numerically approached ODE.

Returns:
integralvalue (float): value of the integral using trapezoidal rule.
res = 0
for i in range(len(x_values)-1):
res += (x_values[i+1]-x_values[i])/2 * (np.abs(u_values[i])+np.abs(u_values[i+1]))
return res

def Original ODE(c: float, alpha: float, x_values: np.ndarray, u_values: np.ndarray,
HeatEquation: bool = False) -> tuple:

"o

Returns the original ODE.

Parameters:
¢ (float): mass of the droplet.
alpha (float): self-similar value.
x_values (np.ndarray): x values of the numerically approached ODE.
u_values (np.ndarray): u values of the numerically approached ODE.
HeatEquation (bool): this parameter is used to change the grid size when comparing
to the biharmonic heat equation. Standard value is False.
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Returns:
new_x_values, new_u_values, support, 1, k (tuple): new_x_values is an array of the new
x values, new_u_values is an array of the original u values, support is the x value
where u and u’ hit zero for the original ODE, | and k are the values that are needed
for the transformation to the original ODE.

"o

#Calculating the k and 1 value

norml = 2+TrapezoidalRule (x_values = x_values, u_values = u_values)
k ((alpha*c*+4)/norml++4)++(alpha)

1 (k*norml)/c

#Determining the x value where u and u’ hit zero for the original ODE
support = x_values[-1]/1

#Creating an interpolation function in order to get get the transformation function

#f(x) = k*u(l+*x)

outside_support_x = np.linspace (x_values[-3],support+10, num = 100000)

outside_support_u = np.zeros(100000)

u_interp = interpld (np.concatenate ((x_values[:-10],outside_support_x)),
np.concatenate ((u_values[:-10],outside_support_u)), kind='cubic’,
fill_value=’extrapolate’, bounds_error = False)

#Getting the new x and u values
if HeatEquation:

new_x_values = np.linspace (0,support+5+support, num = 3000)
else:

new_x_values = np.linspace (0,support+support/10, num = 300)
new_u_values = kxu_interp (1 *new_x_values)

#Mirroring the values by symmetry
new_u_values = np.concatenate ((new_u_values[:: -1], new_u_values[1:]))
new_x_values = np.concatenate ((-new_x_values[:: -1], new_x_values[1:]))

return new_x_values, new_u_values, support, 1, k
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# The Results

#Defining lists where the optimal values will be stored
u_zero = []

u_prime_zero = []

gamma_opts = []

x_value_zero = []

masses = []

#Storing the support and x and u values for one plot with all n values
x_values_stored = []
u_values_stored = []
support_stored = []

#A loop is done for all the n values
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for n in sorted (nvalues):

#Here the optimal gamma with the x and u values are calculated

u_values, x_values, gamma_opt, u, u_prime = Bisection (Dx = Dx, xmax = xmax, n = n,
gamma minus = gamma_minus,
gamma_plus = gamma_plus,
bound = bound, max_iter = max_iter)

gamma_opts. append (gamma_opt)

#Here the orginal x and u values of the ODE are returned

alpha = 1/(n+4)

original_x_values, original_u_values, support, 1, k = Original ODE(c = ¢, alpha = alpha,
x_values = x_values,
u_values = u_values)

u_zero .append (uxk)
u_prime_zero.append (u_prime=kx1)
x_value_zero .append (support)

#Here the mass is calculated
masses.append (TrapezoidalRule (x_values = original x_values, u_values = original_u_values))

support_stored .append (support)
u_values_stored.append(original_u_values. tolist ())
x_values_stored.append(original_x_values. tolist ())

#Plotting the different n values

plt.plot(original_x_values, original_u_values)

plt.title (f"The_self-similar_thin-film_solution_when $n_=_ {n}$")
plt.xlabel ("$\mu$_value")

plt.ylabel ("$f$_value")

plt.show()

#Plotting the different n values in one plot

for

plt.

plt.
plt.
plt.
plt.

i, n in enumerate(nvalues):

x_values_stored
u_values_stored

np.array(x_values_stored)
np.array (u_values_stored)

outside_support_x1 np.linspace (-max(support_stored)-2,x_values_stored[i,0], num = 10)
outside_support_x2 = np.linspace (x_values_stored[i,-1], max(support_stored)+2, num = 10)
outside_support_u = np.zeros(10)

plt.plot(np.concatenate ((outside_support_x1, x_values_stored[i], outside_support_x2)),
np.concatenate ((outside_support_u, u_values_stored[i], outside_support_u)),
label = f"$n_=_{n}$")

xlim (-max(support_stored)-max(support_stored)/10,
max(support_stored)+max(support_stored)/10)

ylim (-np.max(u_values_stored)/20, np.max(u_values_stored)+np.max(u_values_stored)/20)

title (f"The_self-similar_thin-film _solutions_for_different_$n$")

xlabel ("$\mu$_value")

ylabel ("$f$_value")
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plt.legend ()
plt.show ()

#Printing the values
print("{:>10s}_]|_{:>23s} {:>23s} {:>23s} {:>23s}
‘'gamma 0’, ’a’, ’f(a)’, "f’(a)", ’integral_of f’))
print ("-"%140)
for n, gamma opt, x_zero, u, u_prime, mass in zip (nvalues, gamma_ opts, x_value_zero, u_zero,
u_prime_zero, masses):
{:>23.18f} {:>23.18f}

{:>23s}".format( 'n_value’,

print(’{:>10f}_|_{:>23.18f} {:>23.18f}
gamma_opt, X_zero, u, u_prime, mass))

{:>23.18f}’.format(n,
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# Checking if n = 1 corresponds to the analytical solution

def f nl(mu: np.ndarray, c: float) -> np.ndarray:

"noon

The exact closed form self-similar solution when n = I

Parameters :
mu (np.ndarray): nmu values.
¢ (float): the volume c.

Returns:
f (mp.ndarray): array with the values evaluated in the exact closed form at mu when n =1.
a = (225%c/2)*x(1/5)
res = []
for elt in mu:
if abs(elt) > a:
res.append (0)
else:
res.append(1/120x(ax*2—elt*x2)*x2)
return np.array(res)

n=1

u_values, x values, _, _, _ = Bisection(Dx = Dx, xmax = xmax, n = n,
gamma_minus = gamma_minus, gamma_plus = gamma_plus,
bound = bound, max_iter = max_iter)

alpha = 1/(n+4)

original_x_values, original_u_values, support, _, _ = Original ODE(c = ¢, alpha = alpha,
x_values = x_values,
u_values = u_values)

fl1 = f n1 (mu = original_x_values, ¢ = c)

plt.plot(original_x_values, original u_values, label="Numerical")
plt.plot(original_x_values, fl, label="Exact", linestyle="—-", color="red’)

plt. title (f"The_numerical_and_exact_self-similar_thin-film_solution_at_n_=_1_compared")
plt.xlabel ("$\mu$_value")

plt.ylabel ("$f$ _value")

plt.legend ()

plt.show()
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# Behavior as n tends to zero
#First we compute the self-similar solution for a very small n size

#Choosing a very small n to observe its behavior
n = le-16

u_values, x_values, _, _, _ = Bisection(Dx = Dx, xmax = xmax, n = n,
gamma_minus = gamma_minus,
gamma_plus = gamma_plus,
bound = bound, max_iter = max_iter)

alpha = 1/(n+4)

original_x_values, original_u_values, support, _, _ = Original ODE(c = c, alpha = alpha,
x_values = x_values,
u_values = u_values,
HeatEquation = True)

#Defining new parameters

#The number of gridpoints must be even for a Fourier transform
N = 2#x10

#Length of the x values
L = support + 20

#Time
t =1

#Grid space
dx =L /N

x = np.linspace(-L, L, N)

#Defining the initial condition

#At t = 0, the mass is concentrated at 1 point due to the dirac delta function
u0 = np.zeros(N)

u0[N//2] = ¢ / dx

#Computing the correct wavenumbers for the fast Fourier transform (FFT)
k =2 * np.pi = fftfreq (N, dx)

#Computing the solution in Fourier space
u0_hat = fft (u0)
u_hat = u0_hat * np.exp(-k#*4 = t)

#Applying the inverse FFT and ensuring we only take real values
u = ifft (u_hat).real

#Computing the integral to see if mass conservation holds
integral = np.sum(u) * dx
print(f"Integral_of u(x,t)_for_the biharmonic_heat_equation at_t = {t}_is: {integral}")
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#Plotting the self-similar solution and biharmonic heat equation next to each other
plt.plot(original_x_values, original_u_values, label="Self-similar_solution")
plt.plot(x, u, label="Biharmonic", linestyle="--", color="red’)

plt.xlabel ("x")

plt.ylabel ("height")

plt. title ("Source_type_self-similar_solution_and_Biharmonic_heat_equation")
plt.legend ()

plt.grid O

plt.show()
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# Animation

#n values that will be plotted
n_values = np.linspace (0.1, 2.9, 29)
values = np.linspace (1, 29, 29)

#Storing the support and x and u values
x_values_stored = []
u_values_stored = []
support_stored = []

#Going trough all the n_values
for n in n_values:
u_values, x_values, _, _, _ = Bisection(Dx = Dx, xmax = xmax, n = n,
gamma_minus = gamma_minus,
gamma_plus = gamma_plus,
bound = bound,
max_iter = max_iter)

alpha = 1/(n+4)

original_x_values, original u_values, support, _, _ = Original ODE(c = c, alpha = alpha,
x_values = x_values,
u_values = u_values)

x_values_stored.append(original_x_values. tolist ())
u_values_stored .append(original_u_values. tolist ())
support_stored .append (support)

x_values_stored = np.array(x_values_stored)
u_values_stored np.array (u_values_stored)

#Initializing the figure

x = np.linspace(-np.max(x_values_stored)-1, np.max(x_values_stored)+1, 500)
fig, ax = plt.subplots()

line, ax.plot(x, np.zeros_like (x))

title = ax.set_title("")

ax.set_xlim (-max(support_stored)-1, max(support_stored)+1)
ax.set_ylim (-np.max(u_values_stored)/20, np.max(u_values_stored) + np.max(u_values_stored)/20)

ax.set_xlabel ("$\mu$_value")
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ax.set_ylabel ("$f$_value")

#Defining the updating step
def update(i):

outside_support_x1 = np.linspace(-max(support_stored)-2,x_values_stored [int(i-1),0],

num = 10)
outside_support_x2 = np.linspace (x_values_stored[int(i-1),-1], max(support_stored)+2,
num = 10)

outside_support_u = np.zeros(10)

line.set_data (np.concatenate ((outside_support_x1, x_values_stored[int(i-1)],
outside_support_x2)), np.concatenate ((outside_support_u,
u_values_stored [int(i-1)], outside_support_u)))
title.set_text (f"The_self-similar_thin-film_solution_with_$c_=_{c}$_and_$n_= {0.1xi:.2f}$")
return line, title

#Defining the animation
ani = FuncAnimation(fig, update, frames=values, interval=200, blit=True)

#Saving the animation to the device
ani.save ("Self-Similar_Solution. gif", writer="pillow")
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